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1. INTRODUCTION

A ship operating in a qaartering or longitudinal seaway, where

the waves are movingin adirection parallel to the ship longitudinal

centerline, experiences a fluctuation of transverse stability above

and below the still water value as a result of

(a) variation of the geometry of the immersed hull as waves pass

(b) variation of the water pressure distribution on the hull

caused by water particle motion in waves [11*.

This fluctuation of transverse stability has important consequences

for certain ship forms. The most important geometric characteris-

tics of Lhe ship in determining the magnitude of this effect are

freeboard and vertical location of the center of gravity. Consider

a ]ongitudinai seaway with wave lengths equal to the ship length.

A wave crest at amidships causes a reduction and a trough at amid-

ships causes an increase of the transverse stability. Righting

arm curves for Iwo vessels in calm water and statically poised on

a wave are shown in figure III-.iTWo possible consequences of this

reduction in stability are:

l. Static capsizing if the reduction in transverse stability is

sufiicient. This may occur for example, if the ship operates

in \ery high, steep tollowing waves with a speed such that she

rema ins on the wave crest for a sufficiently long time interval.

2. If the ship and wave speeds differ, the waves may slowly over-

take the ship, or vice versa, resulting in a time-varying roll

restecing moment. Under these circumstances, a phenomenon

tecr.-!d "autc'parametric excitation" can occur which may result

in severe resonant rolling. This is most likely to occur at

;: itios of the natural roll frequency to wave encounter fre-

q ,ency in the vicinity of 1/2, 1, 3/2, and so on. In the

cxtreme case, this may build up to such magnitude as to cause

',apsizing [2].

*[ ] indicates reference at end of text.
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In order to visualize this latter effect, consider a ship operating

in following waves of length equal to the ship length, and travel-

ling at a ship speed such that the wave encounter frequency is

twice the natural frequency of roll. Now, let the ship be heeled

to starboard when a wave trough is at midship. In this position

the righting moment is greater than the still water value. The

ship consequently tends to roll back toward the port side. As it

passes the upright position, as a result of the relative speed of

ship and waves a crest now moves into the amidships position.

The righting moment on the ship, when passing through the upright

position, is consequently smaller than the still water value and

may even be negative as shown in figure III-2. Wit is small enough,

the roll motion to the port side will meet with little resistance

and a large roll to port may ensue. With the ship rolled to port

a wave trough now moves into the amidships position and the ship

is accelerated back to starboard. This sequence of events may

continue through several cycles until either:

1. the roll amplitude has grown enough to cause capsizing,

2. a steady-state roll amplitude is reached and maintained,

3. the ship moves into waves of different frequency so that

resonant roll is no longer being excited and the roll ampli-

tude dies out.

Model experiments have shown the second mode of capsizing

due to resonant rolling can occur if the following conditions

are fulfilled:

1. the wave length is in the range of three-quarters to one-and-

one times the ship length,

2. the wave height to length ratios of about thirty or steeper,

3. the ship is operating in quartering or following seas,

4. the ship encounters two to six consecutive, nearly regular

waves having the characteristics of (1), (2), (3) above.

It follows that this type of capsizing occurs only in extreme

sea conditions and the necessary combination of events has a very

low probability of occurrence. The proper combination of circum-

stances may, however,occur in nature, and the conditions for its

2



occurrence may be encountered by a ship during the course of her

lifetime.

For several year:s, the University of California's Department

of Naval Architecture h ,s been studying the capsizing of ships in

quartering and following seas through a program sponsored by the

United States Coast Guard. The goals of the program are:

1. make qualitative observations of model tests to determine

what parameters are important in leading to a capsize,

2. develop an analytic technique for predicting a capsize. This

has taken the form of a computer program which simulates

the six degrees of ship motion up to the point of capsizing,

3. provide experimental veriticaticn of the program and docu-

mentation for the capsize siuolator.

From 1970 to 1974 free runnina ship model tests were conducted

in San Francisco Bay 121, f.', [li. Two models of somewhat dif-

ferent form were used. The first was an eighteen foot long, 1/30

scale model of the American Challenger class cargo ship and the

second, a seventeen foot long, 1/55 scale model of the Sea Land 7

class container ship. Following the physical understanding of

the capsizing phenomenon, as a result of the experiments, several

comnuter programs were develoned which have coalesced to the final

version called CAPSIZE, a ship motions simulator with six degrees

ot freedom.

'he purpose of experiments described in the present report

is to provide experimental verification of the predictions.

cAP61ZE simulates ship motions in the time domain, and, in order

to obtain complete comnarison; of simulated motions with measured

mocions it is necessary to record not only the model motions, but

:1so the waves which cause those motions. For practical reasons,

the wave data in the San Fran.-isco Bay model tests were collected

-ly or * statistical basis in the qeneral vicinity of the

, x t -i -ent , Thus, the average conditions at the time of test

..ind cap:.-ize) were kno,jn but not the specific waves in which the

model was operating. Tn cider o test the simulator program,

hjwevei, it is necessary to have the exact wave profile at the

3



model location and this requires model tests which are conducted

under more controlled conditions than were possible in the open

waters of San Francisco Bay. The essential quantities to be

recorded in the model tests are considered to be:

1. the ship motions with emphasis on roll,

2. the wave profile along the length of the model or wave

measurements at one or more longitudinal positions such that

the profile can be reconstructed.

A prerequisite to an experimental test of the program is the

ability to control the generated waves. In this way, one may

test the model in a predetermined seaway which may consist of

anything from simple sinusoidal waves to more complex patterns

obtained by the superposition of two or more sinusoidal waves.

The limiting case is the complete random wave system having a

predetermined spectral content.

To meet these requirements, model tests were conducted at

the University of California's ship model towing tank. For

practical reasons, a complete duplication of all conditions

encountered in San Francisco Bay could not be attained. The

principal restraint was imposed by the dimensions of the towing

tank. As a result, the conditions under which the tests were

conducted involved certain restrictions on the freedom of model

motions. The essential feitures influencing large roll motion

and capsizing were, however, preserved.

4
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the motion variable of principal interest is rolling in following

or quartering seas, and therefore, the experimental investigation

reported in a later section of this report is concentrated on

the measurement of roll motion. The validity of the program's

simulation of pitch, yaw, surge, heave, and sway in following

seas is not thoroughly investigated nor are sea directions other

than dead astern. The restriction of experimental studies to

following seas is, of course, a consequence of the towing tank

proportions.

Numerical solution of the equations of motion in the time

domain makes the program versatile. It is relatively easy to

add other effects to the simulation, for example, anti-roll tanks

or damping coefficients having a complex dependence on motion.

-i-
91
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Numer-ical .i.u :(<LL:). ,:i the motii on . :-: , 7e ...

Formulation -,f tnie r, oblem.

A comilete z-nalytical solution for ti-e r.oion of a ship in

waves requir. first that the hydrodynamic forces acting on the

ships be found. Solutions of the hvd odyramic problems have here-

totorc. been obtained only under the :ssumption of small motion

amplitudes, in .hich case the forces actinq r -_he ship differs

rut littia iron its mean position. Such an assumption cannot be

used in the present case where large deviatioi., in position from

the mean are an essential feature cf the plcnremcnon. Instead, we

obseve tnat, at high speed in follo ,'.rg and quartering seas, the

frequiency of wave encounter will be low End the ship motion will

be determined largely by the hydrostatic forces. This enables us

Lo retreat from the necessity of determining the hydrodynamic

forces with groat precision but to concentrate instead on the

hydrostatic forces which may be computed for the exact position

of ship and waves. These forces, plus additional external forces

representing, e.g., the steering and controls, plus d simplified

approximation to the relatively unimportant hydrodynamic terms

then are uc.ojc as the right hand side of the rigid body equations

of motion. A standard numerical proccdare is employed to inte-

qkrate the c-m.J.Cicns of motion leading to a step-by-step approxi-

mation ot tie iessel's motion.

Ncwton's second law for a rigid body.

The ship is assumed to behave as a rigid body having six

degrees of freedom. Newton's second law ray be written for the
t: ~body . th~. '.. .

.1 17 f (1)
A~ ct

(2)

.w%- 
-.

!- ',
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where

t = time

m = mass of the body (ship),

v = velocity vector of the mass center,

f = force vector,

I = inertia matrix,

= angular velocity vector, and

g = moment of the force about the mass center.

The force and moment result from the gravitational force acting

at the mass center and the interaction between the ship and the

sea. The force and moment, in general, depend on the time history

of the position of the ship in the sea. Under appropriate cir-

cumstances, however, this history may be characterized by the

instantaneous position, velocity, and acceleration of the ship.

The general problem is nonlinear in the motion variables in

that the force and moment are nonlinear functions of the motion

of the ship, and the rate of change of angular momentum in

equation (2) contains nonlinear terms. As noted previously, we

shall focus on an exact computation only of the hydrostatic part

of the force.

Coordinate systems.

Since large amplitude motions are to be computed, it is ne-

cessary to clearly define the relationships between several

coordinate systems to be used in describing the ship and water

motion. The coordinate systems described below are right hand
SIrCartesian systems.

A Newtonian reference frame is formed by the Oxyz system

which is fixed in space so oriented that the xz-plane is the

equilibrium sea surface, and the y-axis is directed upwards.

A body coordinate system Gxyz is fixed in the ship such

that the origin, G, coincides with the center of gravity of the

* ship. In a ship of isual forrm, the x-axis is parallel to the

baseline and directed forward, the xy-plane is parallel to the

centerplane of the ship, the y-axis is directed upward and the

z-axis to starboard.

8



The 1Dositic;i of thie ship mass center, C, may be specified in

the fixed cooreinate system by

~X = XG

Y= YG

z ZG

This may be represented by the vector

x~ {
X =" YG i (3)

zG

The velocity of the mass center is represented by the vector

jd

~ dt dt- YG . 4

I

Any rotation of the ship coordinate system is uniquely de-

fined by the modified set of Eulerian angles described below.

These angles are similar to the ones given by Blagoveshchensky

in [21, but differ from the ones used by Euler. The angles are

defined as fellows.

Consider the ship coordinates in a position before rotation

with the x, y, and z-axes parallel to the fixed R, y, z-axes.

This is tl!? orien~tation of Gxlylz 1 in figure II-I.Rotate the

triad ibeut the yl-axis to the yaw angle 0. This positions the

frame as jx 2 n the figure. Next, rotate about the z 2 -axis

-to th. p:itch anqle P. The figure shows the yawed and pitched

,- ont ion ns .The final rotatioi is about the x-axisf.'n ' -... . .. .' o s (7 Y 3 '2 ' e f n l r t t o

to thc rciL angie 0. The orientaticn of the ship coordinates,

'<'Z, .l:J~ndi ttd in the figure.

The Eulexian angles 4, t and e are represented by the

vectcr

9
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(5)

The angular velocities abcut the ship coordinate axes are denoted

by p. q, and r corresponding to components of the angular velocity

vector along the x, y, and z-axes. These angular velocities may

be expressed in terms of the Eulerian angles and their derivatives:

de d

q cos e cos s d sin e (6)
t - dt

r " d--t -- sin Ocos* •

dt3-

The notation is simplified by representing the angular velocities

by the vector

q (7)
r

If we define the matrix

F 1 sin, 0

B 0 cosecosp sin6 (8)

L 0 -sin~cosq, cosej

ind note that

dO

, da
d t (9)

dt

dt.

t.hen -,:Iiations (6) are represented by
d a

B- =w(10)

ij 11C14 Z11

.9.* .w *w 'W - =  -- • (IO

- . AII



The moments and products of inertia in the angular momentum

equation (2) are represented by the matrix

I -I -I
xx xy xz

-Ixy I -Iy z

-I -I I
xz yz zz

The moments of inertia are defined as

I = m' (y2 + z2 ),
xx

I = m' (z2 + x2), (12)yy

and
I = m' (x 2 + y2)
zz

where the summations are taken over all particles of mass m'

comprising the ship. The products of inertia are

I = Zm' xy,xy (13)

I = Em' xz,xz

and

I y= Em' yz.* yz

These moments and products of inertia are constants in the

moving ship coordinate system, Gxyz.

In the Gxyz coordinate system, the rate of change of angular

momentum is given by

d + 1 (14)
dt t -×(

Time domain integration.

The equations of motion are solved by numerical integration

*- in the time domain. In order to perform the integration using

standard algorithms, the equations of motion are rewritten as
first order ordinary differential equations.

12
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The 9osi.tion of the ship's center ol gravity is determined

by the linear onmentu., equation (1). This equation and equation

(4) are rewritten as

1C
S~ f  (15)

and
d--- (16)

In equations (15) and (16) the vectors are referred to the

Newtonian reference frame, Oyz.

The rotations of the ship are governed by the angular

momentum equation (2). Combining equations (2) and (14) and re-

writing equation (10) give

d w [I-- x 1W] (17)

and
=Bw. (18)

In equation (17) the moment vector is referred to the ship co-

ordinate system, Gxyz.

The vector equations (15), (16), (17), and (18) form a

systim of twelve simultaneous first order ordinary differential

equations which r~aa: be integrated by standard numerical procedures.

The original version of the program used a fifth-order Adams type

?redictor-corrector algorithm developed by Glauz (1960). This

features a variable time step to control integration error and

a1 interpolation procedure to avoid the calculation of derivatives

at th& tiples chosen for the output of results. At each time step

: the integration, the algorithm predicts values for the instan-

teneous position of the ship and its velocity. The remainder

* . of the proqrar is devoted to the computation of the force and

moment uFe3 to evaluate (15) and (17). The integration routine

cu ,c ts the kositionr and velocity based on the values of the

.* iev:i~at>*, (15) Lbrough (18), but if the error is small these

deU;'oatives are not recomputed.

13
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The time step is decreased whenever the relative error bet-

ween the predicted and corrected values of any of the dependent

variables exceeds a specified value. If the relative error is

significantly smaller than this specified tolerance, the step

size is increased. The increase in step size reduces the number

of time steps required for the time domain integration, and

computer time is minimized when everything goes well. The step

size reduction can effectively avoid numerical instabilities if

a proper error tolerance is selected. Unfortunately, the algorithm

also tends to reduce the step size for any instabilities in the

system, including physical instabilities. Capsizing is the

result of a physical instability. This seems to cause the

algorithm to select excessively small time increments in some

situations.

The present version of the program uses a simple forth-order

Runge-Kutta integration with a fixed step size which is selected

by the user. When a series of simulations are run, the Runge-
Kutta routine allows a larger effective time step to be used
than the average value that the Adams routine would automatically

select. The effective time step for the forth order Runge-Kutta

method is one-half the specified step since the equations (15)

and (16) are evaluated four times at the beginning, midpoint and

end of each time step.

For computational purposes, equations (15) and (17) are

combined. The generalized force vector includes both force and

moment:
f! fl

f f
2 2
3' 3 (19)

f5

93 f6
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The changing angular momentum in the rotating ship coordinates is

included in

Sf2
f 23
3 (20)

92

g 3 b

where the moment components are

f 9.1 ='WXIgl'

93

In (19) and (20) the first three elements are components of force

in ship coordinates, and the last three are components of the

roment. The generalized acceleration vector is

u

v

a = -(21)

( r ,

he inertia of the ship is represented by the matrix

14
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m 0 0 0 0 0

0 m 0 0 0 0

0 0 4a 0 0 0

0 0 0 - I 1 (22)

XVY Y
o 0 0 -x z I

Using this notation the momentum equations (15) and (17) may be

written:

A' a = (23)

After determining the force, this may be solved! for the acceler-

ation, a • For the integration, the first three components of a,

the linear accel2rations, are transformed into the fixed coordinate

system to provide velocity derivatives (15), and the derivatives

of tha angular velocity (17) are the last three elements of a.

Coa'rut.tioi of force and moment.

The p- :snt version of the computer program for the time-

domain simulation of large amplitude ship motions assumes that

the force and moment acting on the ship may be modelled using an

acctirote coinutation of the hydrostatic or Frcude-Krylov forces

plps ciproxii3tions to the hydrodynamic forces.

it..i -:.r,-,e nmplitude motions and finite amplitude waves

ar.- asswned, the hydrostatic restoring and coupling coefficients

mp~t,_, fol the equilibrium position cannot be used. It has

'be1en -,h,:. ° Pa-ling in [ll]and others that there can be signi-

fiiant va,. aticns in the roll restoring moment as a wave progres-

.s a-rng tre sh'D's length as well as the change in this moment

caoy iarC amplitude roll anqle.. The Froude-Krylov force

tn I,,v -A b, the numerical simul ttor includes both the

mr-.ion exr:it.rnj forces and the restoring force and moment that

15
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result from the situation of the ship in the system of waves at

any time step during the simulation.

The sea surface elevation is given by the sum of sinusoidal

waves in the fixed, 0xyz, coordinate system. The water surface

is given by

N
(t,x,z) = ) i(t,x,z) (24)

i=l1

where

= the y coordinate of the surface,

and

N = the number of wave components (in the present version

of the program 0 < N < 20).

The component wave amplitude is:

= A. cos txk i cos ". - zk. sin 6. + i - ait)

where

Ai = the amplitude of the i-th wave,

C. = the circular frequency,

¢i = initial phase angle,

k. = .2/g = wave number,1 1

q = the gravitational acceleration,

and

6. = the direction of the wave propagation.
1

The wave pressure is

N
p(t,x,y,z) -ey + j Pi(t,x,y,z)

' .- ;i= 1

p= pgekiY 71i

where

pg = the specific weight of the water.

16



The Froide--.ryiv force ard momenc may be o~tained by
integratincy the n-,sure over the enire wette3 surface of the

ship. By applying Gauss' Theorem the irce and moment are given

by integrals of the pressure gracient over the submerged volume of

the ship. The components of the force and moment in the ship

coordinate Fystei, (xyz, are

= -- 1ff dv

- / °dV

f4 f i (z - - y21: d (26)

f 2yZP AL] dv

3 z 3xJd

f 4 
4

=r

dy

which may be repreaer.ted by the generalizeal force vector, f.

In e]aio' (26) the volume element :-s dV; fl' f 2 and f 3 are

forees in <;he *<, y, and z-directions; and f4, f5 and f6 are mo-

ments about these x, y, and z-axes. The integrals are taken over

al! volume up to the instantaneous sea surface within the envelope

of thc ship.

The ship hull is approximated by a number of polygons re-
. presernt nq dhe stations of the ship. Each polygon is in a plane

;r ae. >' cc ry! , c'cn tat value of x in the ship coordinate system.

A m.a:-ii'o cf 24 line segments ai-e used for earch closed polygon

s:&- .cen in the shiu and a maximum of 25 stations may be used.

Tv=, 2taticns may be unsymmretrical and unequal station spacings

" " '.-i ;.,r _te d. 'The position of the cent 2r o gravity may be in

a,,'" t;.'-.: uositicm- r elatve to the? ship,

* ., . c.-l r: he pressure cradaen. , velocities and
acc2b, r tc,-s over ac:" station made up W ;th straight line

s- g<- :"e vii ,mtg'd e:xactJy, but with two restrictions on

17
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the angle of pitch. First, the pitch angle must not become so

large as to cause the intersection of a station plane and the

instantaneous sea surface to define multiple regions or a closed

contour in the station plane. Second, the magnitude of a quantity

like the product of the pitch angle and the slope of all component

waves must be "small". These two restrictions are satisfied for

vessels and of usual proportiins in waves with realistic slopes.

The two-dimensional forces and moment at each station are

evaluated as functions of the form

N
f(x) = V' + [ [Ci cos(ki'x) + Si sin(ki'x)] (27)

i=l1

where

V' is obtained from the static (pgy) part of pressure,

C. and S. result from the sinusoidal pressure fluctuation

for the i-th wave component, and

k.' is a projection of the wave number onto the x-axis of
I

the ship.

The relative magnitude of Ci and Si depends on the phase of the

waves relative to the center of ship coordinates at each instant

of time. The integrals and moments of the functions like (27)

along the length of the ship are evaluated with the assumption

that V', C. and S. vary linearly in x between adjacent stations

of the ship.

Wave diffraction, added mass and damping.

Approximations are used for the hydrodynamic forces resulting

from the diffraction of the incident waves and motion of the ship.

These forces are compited using constant two-dimensional added

mass and linear damping coefficients for each station combined

,?ith averages of the water acceleration and velocity relative

) ,to the stations. The hydrodynamic approximations are not expected

to lead to serious e, rcrs if the Froude-Krylov force is dominant.

This, as noted, is exl(ectc:d to be the case in the most severe

capsizing situations in following or quartering seas.
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The hydrodynamic force resulting from the diffraction of

the waves is approximated in the following manner. Two dimen-

sional added mass and damping coefficients for heave, sway, roll

and roll-sway coupling are entered into the program as constants

for each station of the ship. Each time the sectional Froude-

Krylov forces are computed by integrating the pressure gradient
over a station of the ship, average values of vertical, horizontal

and "roll" water velocities and accelerations are also evaluated

for the station. The "roll" velocity and acceleration components

are the first and second time derivatives of the slopes of constant
pressure lines in the plane of the station. The two-dimensional

coefficients are scaled by the instantaneous submerged area of

the station, and the products of the average water velocities

and accelerations with these coefficients yield two-dimensional

diffraction forces which are added to the two-dimensional Froude-

Krylov forces before the longitudinal integrations are performed.

The force resulting from ship velocities in heave, sway, roll,

yaw and pitch are computed in the above manner using the scaled
damping coefficients and the components of ship velocity at each

station. Since the linear and angular accelerations of the ship

are unknown when the forces are being computed, the force resulting

from the ship acceleration cannot be computed with the same pro-

cedure. Instead, a matrix of three-dimensional added mass coef-

ficients is computed using the scaled two-dimensional added mass

coefficients. The product of this added mass matrix and the

vector of accelerations, gives the required force vector. The

generalized acceleration vector, a , is defined by equation (21).

The hydrodynamic force and moment resulting from this acceleration

is

h = -A" a (28)

where A" is the added mass matrix. The use of the longitudinal

moments of the two-dimensional added mass coefficients leaves

the elements, Aij., which are related to surge (i or j equal to

1) undefined. They are taken as zero.

19
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In order to use this hydrodynamic force, the momentum equation

(23) is rewritten as

A' a = f' + h (29)

where the right hand side is the sum of all forces on the ship.

The inertia matrix for the ship is A'.

The substitution of equation (28) into equation (29) gives

the momentum equation including added mass:

A a f' (30)

where

A = A" + A'

Equation (30) is solved to obtain the accelerations required for

integration.

Steering system.

The steering system of a typical ship consists of three
components--an autopilot, steering machinery and the rudder. The

autopilot computes a rudder angle which should correct or prevent

errors in the ship's heading. The machinery attempts to rotate

the rudder to the angle specified by the autopilot. This rotation

is mechanically limited to some maximum rate of rotation and some
maximum rudder deflection angles. The rudder acts as a lifting

surface in the water which generates forces and moments on the
ship which are used to maintain the desired course. The steering

system for the numerical simulation incorporates these three

components.

* The autopilot model computes a required rudder angle which

is a linear combination of the yaw rate, the yaw angle (heading
error), and the time integral of the ya, -angle. The proportionality

) factor or "gain parameter" for any of these heading functions may
be set to zero resulting in a simpler autopilot. For example,

the yaw integral gain parameter is zeroed to simulate the auto-

pilots used for the CHALLENGER and SL-7 models that were run on

20



San Francisco Bay. The yaw angle used for the heading error and

yaw integral is the angle which is always measured about a fixed

vertical axis. The yaw rate is measured in the ship coordinates

rather than about a fixed vertical axis. This is the same as

used in the ship model autopilots but it may differ from that

used in some full sized autopilots. Two "dead band" parameters

are provided in the simulated autopilot. If the magnitude of

the heading error is less than the first dead band parameter, the
autopilot will require a zero rudder rather than the value com-

puted using the gain parameters. This type of dead band is
typical of the "weather" adjustment on ship autopilots. The

other dead band available in the simulation was incorporated in

the ship model autopilots. With this form of dead band the
magnitude of the required rudder angle is reduced by the value

of this dead band parameter.

The steering machinery is modeled with constant values for

the rate of rotation of the rudder and limits to the magnitude of
rudder deflection. If the autopilot requires a rudder deflection

rate that is less than the machinery rate and an angle that is

less than the mechanical stops, the machinery simulation sets

the rudder to the autopilot angle. Otherwise, the rudder angle
lags that computed by the autopilot.

The rudder is simulated by a vertical line (in ship coordi-

nates) through an effective center of the rudder. The average

of the water velocity relative to points on this line is computed

at each time step. The water velocity across this line is the

superposition of the motion of the ship, the motion of the water

particles in the waves, and a constant wake velocity. The lift

and drag forces on the rudder are assumed to be proportional to

the instantaneous submerged rudder area, the square of the average
relative water velocity, and to the angle of incidence between the
rudder and the average water velocity. Rudder lift is limited

by a stall angle. The lift and drag forces are resolved into

force and moment components in the ship coordinate system.

21



Thrust-resistance force.
Surge damping is controlled by a table of resistance versus

speed data. The surge retarding or accelerating force is

obtained by interpolation in a resistance table. This surge
force is equal to the resistance at the desired speed minus the
resistance for the instantaneous velocity. The total resistance

of the ship as a function of speed is simulated by providing a
table of resistance forces, R(v), for several speeds, v = v1, v2,

v n The program is provided with the intended ship speed,
vs. The propulsion system is assumed to provide constant thrust,

equal in magnitude to the resistance at the intended mean speed.
At each time step the surge force due to any difference between

the intended speed and the instantaneous speed is

fx = R(v)- R(vx ) • (31)

The resistance function, R(v), is assumed to be linear between

tabulated speeds.

Wind force and moment.

Certain forces due to wind loading may be included. The

simulation provides for a sway force and roll and yaw moments

which are proportional to the square of the wind speed and the

sine of the angular difference between the instantaneous yaw
angle and a constant direction towards which the wind is blowing.

Since wind directions are traditionally measured as the direction

from which the wind is blowing, these forces are proportional to

the sine of the sum of the wind direction and the yaw angle.
t The force and moments are given by

-f 2 . D • Cz • sin(O + )

fe = *2 . D * C6  0 sin(O + ) (32)

f = W2 . D . C • sin( +
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where

f 2 is the sway force,

f8 e is the roll moment,

f is the yaw moment,

W is the wind speed,

D is an average drag coefficient per unit area or an

average pressure coefficient,

Cz  is the projected lateral area of the ship above the

waterline,

Ce is the vertical moment of the projected area above the

waterline,

C is the longitudinal moment of the projected area above

the waterline,

* is the yaw angle,

4, is the direction from which the wind is blowing.

The moments, C0 and C , may be taken about the center of

gravity of the ship if the hydrodynamic moments about the same

origin are supplied for the sway velocities induced by the wind

sway force. In practice, the sway force and yaw moments are

ignored, and the origin for the roll moment is taken as the center

of projected area below the waterline. This corresponds to the

Coast Guard's "Weather Criterion" for minimum roll metacentric

height above the center of gravity.

Other forces.

An additional damping force may be computed and included

for any of the six motion components. Let fi be one of the

components of force or moment in the ship coordination system.

Let 1i be the average over the volume of the ship of a component

of the linear or angular velocity of the Rhip relative to the

23
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water, and let qi be the average of the square of the relative

velocity. The force or moment is then computed from

fi = fi* - liLi - qiQi (33)

where
f = force or moment due to the waves, wind, propulsion,

and steering systems,

L. = coefficient of linear damping for the particular

motion component,

Qi = coefficient of quadratic damping for the particular
motion component.

There are three force and moment equations using these

three-dimensional linear and quadratic damping constants, but in
practice the only non-zero coefficients used with the simulation

are for roll damping.

r'(W

)2,
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III. Towing Tank Model Experiments

Mariner model.

Most of the background for the development of the capsize
simulator was founded on the observations made during the open

bay experiments. In order to properly test the computer program,

therefore, it is desirable to conduct experiments in laboratory

conditions which are as similar as possible to those of the open

bay waters.

The ship model towing tank at the University of California

has a usable test length of about one hundred and fifty feet. The

tank is eight feet wide and has a water depth of five feet. These

tank dimensions restrict the length of the ship models to about

six feet. An American Challenger model of this size was not

available, however a 1/96 scale model of the Mariner class cargo

ship was on hand. The American Challenger and Mariner have

similar dimensions and hull form as shown in table A-1 and it was
decided that the Mariner model could be used after some minor

modifications were made to it. The Mariner above water profile

was changed to be identical to the American Challenger. Figure A-1

shows the American Challenger body plan and figure A-2 shows the

modified Mariner, "Mariner 77.7", body plan. The depth at the

side along the entire length, drafts fore and aft, and the

vertical center of gravity are adjusted to give a righting arm

curve similar to that of the American Challenger. It is found

that, by multiplying the depth and drafts by 77.7/75, the desired
shape of the righting arm curve is achieved (see figure III-1).
The vertical center of gravity of the Mariner is adjusted so

that the Mariner and American Challenger GZ (righting arm) are

equal at a heel of forty degrees in smooth water. Note that

figure III-1 indicates a GM (metacentric height) of .81 feet

for the Mariner. The final Mariner GM of .62 feet, used throughout

the experiments, is arrived at by again adjusting the Mariner

* vertical center of gravity so that the Mariner and American

Challenger righting moments are equal for a forty-degree heel
ain smooth water (see figure 111-2).
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The transverse and longitudinal radii of gyration of the

Mariner model are the same as the American Challenger. A rudder

is not installed. An attempt to reproduce the exact sea conditions

was not made in the towing tank but rather, simple waves composed

of one or two sinusoidal components having the steepness and

essential features of the observed open water seas were used.

Motion restraints.

A free running model could not be used for these experiments

because of the narrow width of the towing tank. Therefore, it

was necessary to suppress sway and yaw motions. Also, surge

was suppressed so that a practical towing scheme could be employed.

A towing device was constructed which allowed the model complete

freedom in roll, pitch and heave, while suppressing surge, sway,

and yaw. A description of the towing device is given in appendix B.

In order to make meaningful comparisons between experiments

and computations, the computer simulations were made with surge,

sway, and yaw motions suppressed. Some computations were made

also, to determine the influence of this restriction on the

computed motions, and these are discussed in a later section.

Experimental measurements and parameters.

The following data was recorded in the laboratory during

experimental runs:

1. Roll angle

2. Pitch angle

3. Heave acceleration

4. Model speed

5. Wave period

6. Wave elevation abeam the model forward perpendicular,

longitudinal center of gravity, and after perpendicular.

Appendix B contains a list of the instrumentation and a sketch

showing the wave sensor location. Note that the wave sensors

were installed so as to be outside the wave field generated by

the model.
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Model tests were made in regular waves and in wave groups

consisting of two superimposed regular waves. The number of wave

encounters per group was varied. The wave length was equal to

the ship length between perpendiculars for all experimental runs

including those made in wave groups, and runs were made for a

range of wave amplitudes and model speeds. Table III-1contains

a sunmary of the experimental conditions and results.

I7
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Experimental Results and Observations

The waves generated in the towing tank do not have a perfectly

sinusoidal profile, however, the capsize program simulates waves

which are sinusoidal. In the laboratory, the wave periods for

the one component wave train ("regular" waves) or two component

wave train (wave groups) were nearly constant. The amplitudes

of individual waves in a wave train deviated, at times, by as much

as fifteen percent from the mean wave amplitude (see figures 111-5

through III-11). Furthermore, the wave group profiles became
more asymmetric as the wave amplitude and distance from the wave

maker increased (the highest wave in a group would occur not at

the center of the group but instead, closer to the front of the

group). This assymetry is probably a result of nonlinear effects

which are discussed in reference [8].

Table III-1 contains a summary of the experimental runs. It

can be seen that the model capsized for a certain range of speeds,

corresponding to certain wave encounter frequencies, and the range

narrowed as wave amplitude decreased.
For example, from Table III-1 it can be seen that model tests

made at a speed (ship scale) of 6.9 knots in regular waves of

length equal to the model length and amplitude of ten to twelve

and one half feet (ship scale) resulted in one out of three runs
(33 percent) capsizing. For the same speed but wave amplitude of

twelve and one half to fifteen feet, four out of five (80 percent)
runs capsized. A simple calculation shown below verifies that

the wave encounter frequency for the above cases is nearly twice

the natural frequency of roll as determined from free roll decay
data. The experimental data used for this calculation is con-

verted to ship scale.

From Table III-1 it is seen that capsizes frequently occurred

for a speed U of 6.9 knots (critical speed) where the wave period

Tw was 10.24 seconds. Converting U (knots) to U (feet/second)

and the wave period Tw to wave frequency ww one obtains:
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U = (6.9 knots) (1.689 feet/second/knot) = 11.7 feet/second

Ww = 
2n/Tw = 27/10.24 second = 0.614 1/second.

The wave number K is calculated to be

K = w = (0.614 1/second) 2/32.2 feet/second2 = 0.0117 1/feet.

The frequency of wave encounter we experienced by the vessel is

calculated using

W e = ww - KU

Thus,

We = 0.614 l/second - (0.0117 1/feet) (11.7 feet/second)

= 0.477 1/second.

Figure 111-16 shows the model free roll decay history in calm

water for a forward speed of 7.3 knots which, for practical

purposes (since roll decay depends on vessel speed) is close

enough to 6.9 knots. In this figure the experimental data have

been converted to full scale. A typical roll period T, which is

taken as the natural roll period for this calculation, is

T = 26 seconds. Converting this to frequency, one gets

w = 27r/T = 27r/26 seconds = 0.242 I/seconds as the natural roll

frequency. Note that the natural roll frequency here is about

half the wave encounter frequency above.

Several observations of the model behavior are noted when

the speed is near the upper and lower limits of the critical

speed range.

1. The probability of a capsize is lower than that for

speeds nearer the critical speed.

2. The roll amplitude may build up to the point of nearly

capsizing, a change in phase relative to the wave

occurs, the roll immediately dies out and then slowly

builds up again, repeating the cycle.

3. After the roll motion had developed to near capsizing

the model was observed to "hang" at a roll attitude

between forty and sixty degrees while a complete wave
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cyle passed. The model then sometimes capsized to that side,

or sometimes rolled to the other side. An example of this

behavior is shown in figure 111-7, titled "Mariner Capsize

RUN 0905-55J3".

If the speed was somewhat further removed from the critical

value, the roll amplitude was observed to increase until it reached

a steady value and no further. The magnitude of the

steady state amplitude was less the further the model speed was

removed from the critical speed.

When the speed was equal to the critical speed and the roll

amplitude had reached ten or twenty degrees, a capsize frequently

occurred in two to six more roll cycles, provided the wave ampli-

tude was sufficiently high during these subsequent rolls. In the

case of regular waves of critical amplitude, the amplitude during

these two to six roll cycles, was always sufficient. However, in

the case of wave groups, the wave amplitude is not constant and

so waves of sufficient amplitude during these two to six roll

cycles may not have been present. When the number of wave

encounters per wave group was seven or eight, there were only two

or three waves having critical amplitudes, therefore, insufficient

consecutive waves of sufficient amplitude were present to cause

capsizing. When the number of wave encounters per wave group

was increased, more consecutive waves of sufficient amplitude

were present and thus a capsize was more likely to occur.

At the beginning of an experimental run in regular waves,

two to ten waves would pass before the model started rolling.

When tested in wave groups, the first or second wave group to

pass the model would initiate rolling so that some roll motion

0 would be present as the initial condition upon encounter of

the next group. As the next wave group passed, one of three alter-

native patterns of motion was observed:

1. the roll amplitude increased further in this group until

the model capsized,

2. the roll amplitude decreased between the wave groups and

built up again during a subsequent group resulting in

a capsize or,
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3. the roll amplitude continued to decrease and increase

as the wave groups passed, possibly resulting in a

capsize after several groups.

Comparison of simulations with Mariner experiments.

Before proceeding with a discussion of the comparisons it

should be noted that accuracy of the step-by-step numerical

integration of the equations of motion depends on both the size

of time step used and the number of offset points used to define

the ship hull form.

Figure 111-3 shows an example of the computed response for

time steps one-half, one, and two seconds. It was found by

experience that a time step of one second yields reasonably con-

sistent results without excessive use of computer time.

The full table of offsets for the Mariner contains 240 points

of each side of the longitudinal centerline and a partial table of

offsets contains 79 points. Tables A-2 and A-3 in appendix A

list these offsets and figures A-2 and A-3 in the same appendix

show the corresponding body plans. The short offsets are arrived

at by removing entire stations and some points in the remaining

stations from the full offsets. Hydrostatic properties computed

with the short table of offsets are within two percent of those

computed with the full offsets, if the vertical center of gravity

is adjusted so that GM is the same. Figure 111-4 shows the out-

come of simulations made using both the full and shortened table

of offsets where GM is the same for both cases. It is difficult

to determine whether one set of offsets is significantly more

accurate than the other since slight changes in some numerical

coefficients input to the simulation, e.g., the roll quadratic

damping coefficient, could overshadow the differences due to the

different tables of offsets. The significance of roll damping is

discussed more fully in a later section of the report. Since

computer time is proportional to the number of offsets used

for the computation, the short table of offsets is used for

subsequent computations.

The initial conditions for the computer simulations are taken

directly from experimental records and can be found in appendix D.
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The laboratory records for heave are uncertain and as a consequence

the initial heave motion is unknown. Therefore, the heave initial

conditions are set to zero. It is expected that this will have

little effect on the simulations since heave is relatively strongly

damped and, therefore, the transient motion which is further

moderated by the starting ramp function will not be pronounced.

It was mentioned earlier that additional linear and quadratic

roll damping coefficients may be supplied to the capsize simulator.

Quadratic roll damping only was supplied for all the simulations
presented here, in addition to the roll hydrodynamic damping

calculated by the simulator.

Simulation results for the Mariner.

Figures III-5 through III-11 show time history plots of

experimental (solid line) and simulated (*) roll records in the

upper figure and in the lower part of the figure are corresponding

records of the absolute wave elevation at the longitudinal center

of gravity. Where the title is the same for two or more conse-

cutive figures, e.g., "CAPSIZE RUN 0901-41A", the experimental

data are the same, but the quadratic roll damping coefficient,

"DAMPQ" for the simulator has been changed. "SPEED" is the

ship forward velocity in knots. "WAVE AMP" is the approximate

experimental wave amplitude in feet and the value supplied to

the simulator. In the case of runs made in wave groups (two

superimposed regular waves), "WAVE AMP" is the maximum wave

amplitude. Note that full scale ship values are used throughout

in the labels.

Figure 111-5 shows an example of excellent agreement bet-

ween experiment and simulator. Notice that the experimental

wave amplitudes are not constant but that the wave periods are
A fairly close to the sine wave generated by the simulator.

Figure 111-6 shows the same run where "DAMPQ" has been increased

from 1.6 x 109ft-lbsec 2to 1.8 x 109. The simulated roll continues

for a longer time as expected but the ship does not capsize within

the two hundred seconds of simulated time.
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Figure 111-7 shows a run where the model hangs on one side

at a large roll angle while one wave passes, changing the roll

phase by one-half period. The simulator output displays a similar

behavior but the hanging occurs one roll period sooner. Compare
this figure with figures III-8 and 111-9 and note the change in

"DAMPQ". It can be seen that for this case a small change in

"DAMPQ" makes a radical difference in the simulated roll behavior.

This suggests a high degree of sensitivity of either the capsize

simulator or of the phenomenon itself to changes in quadratic

roll damping.
Figures III-10 and III-11 are runs made in wave groups. In

this case the simulated wave train is generated which best fits

the experimental wave train. One can see here some apparent dis-

crepancy between the simulated wave (two superimposed sine waves)

and the measured wave profiles. In figure III-10 the simulated

roll record is nearly the same as the experiment. The roll ampli-

tude increases when higher waves pass, decreases when shorter

waves pass, then increases again with higher waves as before.

Here the simulator does not give a capsize but the experiment

does. In figure III-l the quadratic roll damping coefficient

is adjusted so that both simulator and experiment capsize at

the same time. Notice that the roll records are nearly the same

except that they are out of phase by one half the roll period.

Factors which influence results.

The hydrostatic restoring forces and moments are a function
of:

1. hull form,

2. vertical center of gravity,

3. wave profile and position relative to the ship,

4. position or attitude of the ship, given by pitch,

heave, and roll for this three-degree-of-freedom

system corresponding to the experiment.

The model hull form was carefully checked against the table

of offsets. The measured displacement is 52.29 LB (model scale,
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fresh water) or 20, 653 LT (ship scale, fresh water) which differs
by four and one half percent of the computed displacement of

21,616 LT (fresh water). See Principal Dimensions table A-1.

It was found by experiment that the model righting arm in calm

water goes to zero for a heel of about sixty-two degrees but by

computation goes to zero for a fifty-eight degree heel.

Carefully controlled inclining experiments were made in the
laboratory for determining the metacentric height. Appendix C

contains a detailed description of the inclining procedure, table

of measured values of GM and a sample plot of inclining arm vs.
angle of heel. The GM to beam ratio is only eight tenths of one

percent, and this small value resulted in the need for extreme
care when making the inclining experiments. The average measured

value of GM is .65 + .04 ft, a variation of six percent. A value

of .62 ft is used for the simulator. Figure 111-12 shows an

example of the effect of variation of GM on the simulation.

The wave elevation at the model longitudinal center of
gravity and period were accurately measured in the laboratory.

It was pointed out earlier, however, that the wave profile is
not accurately modeled with sine waves used by the computer

simulator. This can be seen by inspecting figures 111-5

through III-11. Figure 111-13 shows three simulations where only

the wave amplitude has been changed.

Effect of roll damping.

The capsize simulator inherently computes a linear hydro-
dynamic damping moment due to wave making by conventional strip

theory. An additional quadratic damping coefficient "DAMPQ" may
be supplied at the option of the user.

Figures 111-14 through 111-17 show experimental and simulated
roll decay time histories and these plots may be used as an aid

in estimating "DAMPQ" for capsize simulations. The four figures

give experimental results for four different forward speeds, and,

therefore, show the effect of speed on roll damping. The simu-

lations were made with the same quadratic damping coefficient in

all cases, 4.0 x 108. It was found that moderate changes in the
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coefficient DAMPQ do not improve the comparisons. Note also that
the value of DAMPQ used to obtain good correlation with the roll
decay curves here is substantially less than that which gives the
best fit to the motion in waves as may be seen in figures 111-5

through III-11.
A necessary condition for capsizing in a longitudinal seaway

by the phenomenon previously referred to as "autoparametric

excitation", is that roll frequency be near the natural or resonant
roll frequency. Then, according to the theory of linear spring-

mass dynamic systems, since damping is small relative to critical
damping, the roll amplitude is quite sensitive to small changes

of damping. Figures 111-5 and 111-6 show this sensitivity very
clearly. These figures also suggest that although a small change
in DAMPQ may make a difference between capsizing or not capsizing,
large rolling motion is still predicted. An example of this great
sensitivity to damping is displayed in figures 111-7 and 111-8

and 111-9 where changes in the forth or fifth significant digit
of the value for DAMPQ results in much different simulations.

Listed below are several sources of damping or energy
dissipation for a ship operating in high longitudinal waves
and experiencing large roll amplitudes.

1. Wave making: the simulator computes a linear coefficient,
however, small roll amplitude and a constant frequency
is assumed. For large roll amplitudes, however, this

* moment takes on a more complicated form, for which

a theoretical procedure does not exist at present.

2. Eddy damping: noticeable turbulence was observed
during model tests particularly around the bilge and

deck edge. Eddy damping depends on viscosity and is

certainly non-linear.

3. Viscous or skin friction: frictional damping occurs

as a result of water flowing across the hull and deck
and depends on, among other things, surface area and

relative tangential velocity. The surface area in

contact with the water depends on the model position
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relative to the wave and is, therefore, dependent on

pitch, roll, heave, and the wave profile. The tangential

velocity of the water particles is continuously changing

in magnitude and direction.

4. Sloshing of water on deck: water sloshing across the

deck creates hydraulic jumps.

It should be clear that roll damping at very large angles is

not adequately estimated by the simple sum of a linear plus quad-

ratic term with constant coefficients for each. Roll damping has

a complicated form and depends not only on roll velocity but also

on roll angle and possibly other parameters. The exact theoretical

prediction of roll damping for large angles in waves is not,

however, possible at present.

Effect of suppression of surge, sway and yaw.

As previously noted, the towing system used in the experi-

ments suppressed the model's surge, sway and yaw motion. In

order to test the effect of this suppression on the roll motion

of the vessel, source simulations were made allowing six degrees

of freedom for the experimental conditions shown in figure 111-5.

Simulations were carried out using four different values of the

quadratic roll damping coefficient and the results are shown in

figures 111-18 through 111-21. The general characteristics of

the motion immediately before capsizing are duplicated but some

differences are introduced by the additional degrees of freedom

as may be seen by comparing figures 111-5 and 111-18 which have

identical quadratic damping coefficients. Here, the final cycle

prior to capsize is duplicated closely by the six-degree-of-freedom

simulation but the capsize does not occur. By reducing the

* damping, the computational model may be made to capsize, although

the time history of the motion differs somewhat from both the

three-degree-of-freedom experiments and simulations.

SEA LAND 7 containership model.

In order to provide a second test of the capsize simulator
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using a hull form previously tested in San Francisco Bay, a

second series of experiments were conducted with a 1/150 scale

model of the Sea Land 7 class containership.

The principal dimensions of the model and the full scale ship

are presented in Appendix A and Table A-4. These dimensions were

scaled from the model used in the tests in San Francisco Bay

and corrected for the fresh water of the towing tank.

In Appendix A also ban be found the reduced table of offsets

used in the calculations and the initial 100% table of offsets.

The reasons for this reduction in the number of points at the

table of offsets was discussed in an earlier section which

described the Mariner experiments and simulations. A righting
arm curve for the SL7 is presented in figure 111-22.

It was desired to simulate the more adverse conditions that

were observed during the free running ship model tests in San

Francisco Bay and, consequently, tank tests were conducted for

model and wave conditions which could be expected to lead to

capsizing conditions for the model. Summaries of the experimental

runs are presented in Table I11-2. In this table it is noted

that for certain wave conditions combined with a certain model

condition the frequency of occurrence of capsizes is higher for
a clearly defined range of speed, and thus, for the given sea

conditions the ship appears to have a "critical speed" for capsize.

The experiment-simulator comparisons which are illustrated

in this section were chosen from the more adverse regions mentioned

above.
As in the Mariner experiments and simulations, the model

was restricted to three degrees of freedom in heave, pitch and
roll.
rl A description of the location of instrumentation used in

the experiments is presented in the Mariner section. For the

experimental runs, both regular waves and wave groups, consisting

of two superimposed regular waves were used, also as was the case

with the Mariner.

Values for the linear and quadratic damping roll coefficients

were estimated using data from free roll decay curves for the model.
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The value obtained from the model at rest and moving forward,
for the full scale ship with GM number 5 are given below.

Forward Speed Linear Damping Quadratic Damping

(knots) Coefficient Coefficient

0 7.25 x 10 lb-ft/rad/sec 2.00 x 109 lb-ft/(rad/sec)2

3.1 0.92 x 108 2.60 x 109

9.2 1.15 x 108 7.30 x 109

12.2 1.15 x 108  7.30 x 109

The values used for the capsize simulator were chosen to

approximate the above values for the closest forward speed. Thus,

for a forward speed 9.8 knots, the linear and quadratic coefficients

used in the simulation were DAMPL = 1.70 x 10e and DAMPQ = 6.0 x 109.

Comparison of simulation with SL-7 experiments.

Table D-2 shows the initial conditions used for each of the

simulations that are discussed in this subsection. The ratios of

natural roll frequency to frequency of encounter for these runs

were calculated as noted previously in the case of the Mariner

and the following values wc-e found.

Run Forward WN wave length
Number Speed (knots) N LBP

We

0409-45 9.8 .44 1.0

0409-46 9.8 .44 1.0

0409-61 1.3 .42 1.5

0409-63 3.7 .44 1.5

In figures 111-23 and 111-24 excellent agreement between

simulation and experiment is obtained for these non-capsizing

runs. As mentioned before in the subsection "Damping" the

values used for the linear and quadratic roll damping coefficients
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were close to the ones determined from free roll decay experiments.

It was noted that small changes in both values for the damping
coefficients do not appreciably affect the simulation here.

Figures 111-25, 111-26 and 111-27 show two different

experimental runs which resulted in capsizes. Capsizes were not,

however, obtained for the simulation.

Figure 111-25 shows comparison with experiments for run

number 0409-45 in which the simulator linear damping coefficient

was the same as initially assumed (DAMPL = 1.15x 10') and the

quadratic damping coefficient was reduced by 99.6 percent from

the initial value as originally obtained from the roll decay
experiments. The initial value of DAMPQ was 6.0 x 109 and the

reduced value DAMPQ was 2.5 x l07.

Figure 111-26 shows results for run number 0409-45. Here

the linear and quadratic damping coefficients were increased by

50% from the initial values. The initial value of DAMPL was

1.15 x 108, and the increased value of DAMPL was 1.73 x 108;

the initial value of DAMPQ was 6.0 x 109 and the increased value

of DAMPQ was 9.0 x 109.

Figure 111-27 shows results for run number 0409-61 in which

the linear damping coefficient was reduced 93% from its initial

value (the initial value DAMPL was 7.25 x 107 and the reduced

value of DAMPL was 5 x 106). Here the quadratic damping coef-

was reduced by 97 percent from its initial value (initial value

DAMPQ was 2.0 x 109 and the reduced value DAMPQ was 5.0 x 10').

The purpose of this study was to ascertain the sensitivity

of roll motion to variations in the linear and quadratic damping

coefficients. The changes in these values was carried out in

steps, and it was observed that reasonably good agreement was

obtained between computed and measured roll motion in the initial

few oscillations. In some cases, with reductions in the damping

coefficients an increase in the roll amplitude and a change in

the apparent roll frequency was obtained. This may be seen in

comparing figures 111-25 and 111-26. This increase was larger
when the linear roll damping coefficient was reduced by a certain

fraction compared with the reduction in roll amplitude due to the
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same relative reduction in the quadratic roll damping coefficient.
For reasons which are not clear, the attempts to simulate capsizing

were less successful with the SL7 than with the Mariner.

Figures 111-28 and 111-29 show some roll decay simulations in which

the agreement between experiment and simulation is quite good.

In these simulations, the values for the quadratic damping coef-

ficients were changed substantially from the nominal values dis-

cussed earlier in order to test the sensitivity of roll motion

to this parameter.

Experimental observations.

The observations and conclusions drawn from the experimental

runs are similar to those described in the earlier section. The

following observations were made during the SL7 model test.

A higher percentage of capsizes occurred for GM numbers 3

and 5 while for GM number 6 almost no capsizes occurred as can be

seen in Table 111-2.

It was observed that the model with GM number 5 required an
average of 20 to 30 seconds to start rolling. The same observation

for GM number 6 shows an average of 40 to 60 seconds to start
rolling from the beginning of an experimental run.

The increase in the value of GM from number 3 to number 5

does not reduce the percentage of capsizes by a significant amount,

while the change from GM number 5 to number 6 causes the percentage

of capsizes to drop almost to zero.
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Pacific Coast Crab Boat model.

In order to examine the capability of the capsize simulator

to predict behavior of ships of widely varying form, a short

series of model tests in following seas was conducted utilizing

an existing 1:22 scale model of typical Pacific Coast crab boat.

The arrangement and body plan of this model are shown in figures

A-5 and A-6 . This model was chosen for several reasons:

1. The hull geometry differs substantially from that of both

the Mariner and the SL-7 models used in similar following

sea tests. For comparison with these other ships, a table

of full-scale offsets and the model test is listed in

Table A-9 in the same format discussed in relation to the

Mariner offsets.

2. Similar model tests in following seas have been conducted

by Hydronautics, Inc., Reference [13] using a 1:11 scale

model of the same Pacific Coast crab boat and identified

as model #F-34 in the cited report. These experiments

provided some data and initial conditions for comparative

purposes.

3. The model used in these following sea tests had been tested

extensively in beam seas at the University of California

Towing Tank over the preceeding two years, and a substantial

body of useful data on roll damping coefficients versus

metacentric heights, and roll radii of gyration had been

obtained from free roll decay time histories for various

load distributions.

4. Many of the methods used in conducting the aforementioned

beam sea experiments and in analyzing the subsequent data

were found to be directly applicable to the present following

sea tests. These included the following:

a. layout, ballasting, and instrumentation of the model,

b. instrument calibration techniques, inclining procedures,
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and free roll decay experiment procedures; these were

identical to those discussed elsewhere in this report

for the Mariner model tests,

c. -he use of previously developed computer programs for

the purpose of analyzing experimental data with respect

to determining metacentric height, transverse roll

gyradii, and linear and quadratic roll damping coefficients.

The crab boat model tests in following seas which were

conducted at the University of California Towing Tank were sub-

ject to the same motion restraints, experimental measurements

and parameters as discussed elsewhere for the Mariner model

tests. That is, surge, sway, and yaw motions were suppressed by

a system of restraining rods similar to that shown for the Mariner

model as shown in figures B-4 and B-5, and the model carried

neither a rudder nor a propeller during the tests.

The experimental data which were recorded during the course

of the experiment included the following:

1. roll and pitch angles from a vertical gyroscope,

2. heave acceleration from a + ig accelerometer,

3. model speed via a digital readout connected to the

towing carriage,

4. wave period via a digital readout connected to the

wave maker,

5. wave elevations abeam the model at the forward and

after perpendiculars and at the longitudinal position

of the center of gravity from conductance-type wave

sensors; these sensors were located relative to the

model so as to minimize interference from the wave

field induced by the model motions and by reflections

from the wall of the towing tank.

The crab boat experimental results reported in Reference [13]

were initially used as the basis for planning the present tests.

These included model load conditions, initial metacentric heights,

ship model speeds, and wave conditions (i.e. wave heights and

wave lengths). The model (and full scale) test conditions are
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compiled in Table A- 8, while figures 111-30 to 111-33 show the

accompanying full-scale righting arm curves (in calm water and

while hydrostatically perched on waves with X/L = 1.5 and 2.0)

for each of the GM conditions tested. Tables 111-3 to 111-5

lists all of the model (and full scale) speed and wave parameters

used in the various experimental runs. Note that, in the present

case, no tests in wave groups of two or more superimposed sinu-

soidal waves were attempted. This differs from the case for the

Mariner model tests, but is consistent with the program of fol-

lowing sea tests reported in Reference [13].

During most of the experimental runs the bulwarks were

lowered completely to the level of the main deck between the

poop deck and the forecastle deck. This was done to prevent green

water from becoming entrapped on deck during the inevitably large

roll excursions which occurred during the tests. Although such

entrapment is a real occurrence for such vessels while at sea,

the capsize simulator presently has no provision to allow for

such a contigency. It was therefore deemed important to eliminate

this complexity in the interest of obtaining the best agreement

between experimental conditions and simulated conditions.

Experimental results and observations.

The results reported in Reference [13] indicate that
"extreme rolls" and "capsizes" were recorded at a value of

V/Y= 1.0 when the metacentric height GM was seven and one-half

percent of the ship beam and the full scale ship displacement

A was 367.0 long tons for a value of wave steepness X/Hw = 8.

However, testing in such steep waves presented two major pro-

blems at the University of California Towing Tank. The first

* such difficulty was the inability of the wavemaker to produce

regular sinusoidal waves of such steepness. In fact, as A/Hw
approached a value near ten or twelve, the tank waves were seen

to break at distances far from the wavemaker. A value of w/Hw 10
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was found to be about the upper limit of wave steepness which

could be used in the present tests while still maintaining some

degree of data reproducibility.

The second problem in trying to produce steep waves with

/H w < 10 was that the induced pitch and heave motions of the

model were so large as to exceed the limits of motion freedom

allowed by the restraint mechanism. Also, the surge force which

was transmitted to the restraining rods was so large as to cause

several equipment failures when X/Hw approached a value near

twelve. Therefore, it was decided not to test the crab boat model

in waves as steep as A/Hw = 8 as was done in Reference [13].

The present research effort was, instead, concentrated in

the areas of reasonable ship and wave parameters which might

result in either one of the two main modes of ship capsizing

in astern seas (excluding broaching) of autoparametric excitation

and static capsizing due to a loss of hydrostatic stability as

the ship moves in a single wave crest.

In order to narrow the range of ship conditions to be tested,

it was decided to conduct all experiments at a full scale dis-

placement of 340 long tons, correspondong to a fully loaded

condition. It was found in this condition that none of the

possible combination of ship speed and wave steepness resulted

in a capsize for values of GM as low as four percent of the ship

beam. This is lower than the value of GM of seven and one-half

. percent of the ship beam reported in Reference [13] for "extreme

roll" and capsize" behavior.

On the other hand, it was found for a value of GM = two and

one-half percent of the ship beam that the slightest perturbation

from upright hydrostatic equilibrium resulted in an imms.diate

static capsize without rolling. Therefore, a value of metacentric

height of three and one-half percent of the ship beam was selected

as the critical value separating extremely stable behavior from

extremely unstable behavior for this model. This value for GM

was used throughout all subsequent model tests, and was used as

input for all numerical simulations. It should be noted, however,
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that full scale ships of this type rarely operate with a GM less

than about ten percent of the ship bean Reference [13],so that

the experimental value is probably unrealistically low and was

used principally for purposes of providing data to test the cap-

size simulator.

The experimental effort was first focused on the capsize mode

which is termed "autoparametric excitation" (or resonant roll)

which was described earlier in the section on the Mariner experi-

ments. This effort introduced the need to make experimental runs

at values of ship speed and wave frequency resulting in frequencies

of wave encounter relative to the ship's natural roll frequency

which are in the ratio w /W = 1/2, 1, 3/2, ... m/2 where m is a
n e

positive integer.

More precisely, at frequencies of encounter we = Ww - KU

(in astern seas) which are equal to 2/m times the ship natural

roll frequency wn, a condition of "autoparametric excitation" may

be initiated which may cause increasingly larger roll angles up

to capsize. The model values of w n, we , Ww, K and U correspondingm
to values of n = I = 2, 1 and 1/2 are given in Table 111-4, where

it should be noted that the resultant encounter frequencies for

n = 1/2 was so high as to cause pitch and surge motions which

were too large to be accommodated by the restraint mechanism and

consequently, most of the experiments were conduced in the

vicinity of n = 1.

During the course of these tests, it was observed that the

crab boat model did not exhibit the same resonant behavior as is

described for the Mariner model in relation to a loss of dynamic

stability. That is, no cases of gradually increasing roll angles

were observed (or recorded as data) which corresponded to auto-

parametric excitation of motion as the model travelled from wave

trough to wave crest, respectively.

Instead, the mode of capsizing which was observed in the

test load condition for the Pacific Coast crab boat model was

an apparent pure loss of static stability. That is, the model

would execute a large roll to one side (on the order of ten to

twenty degrees), remaining in that position for two successive
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wave encounters due to insufficient righting energy. Then it would
return to an upright position as the next wave trough passed amid-

ships, causing a large roll to the opposite side. This was then

followed either by a capsize as the roll motion increased for

the next wave encounter, or by a repetition of the cycle to the

original side. This behavior is apparent in the model experiment

roll records shown in figures 111-40 and 111-41.

Table 111-5 summarizes the capsize results for the experi-

mental runs conducted for the crab boat model with a GM = 31

percent of the ship beam. The three runs marked by an asterisk (*)

were those which were chosen to be compared to the results of the

numerical simulations from the capsize simulator. These runs
were chosen as being representative of typical crab boat model

motions in the following sea tests. Note that there were two

cases in which actual capsizes occurred, while two other runs

resulted in "extreme roll" angles very near to capsize values

(on the order of twenty to thirty degrees).

Comparison of simulations with experiments.

It has been noted in the discussion of the results for the

Mariner that either the simulations or the actual physical

phenomena of capsizing in following seas often exhibit extreme

sensitivity to the values of the roll damping coefficients which

are input to the capsize simulator. In an attempt to circumvent

the difficulty of scaling the model experiment results up to full

scale values, especially in the case of the damping coefficients,

all simulations for the crab boat have been computed in model
scale. Through the use of a data analysis program which computes

a linear and quadratic roll damping coefficient from model free

roll decay data, representative values can be input to the capsize

simulator for direct comparison of experimental model roll records

and simulated roll motion histories whithout the need to resort to

scaling. The validity of these model scale coefficients, as well

as the methods by which they were computed from the free roll

decay records, has been discussed by Dalzell in Reference [ 31

and by Visineau in Reference 1151.
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It should be noted in examining the accompanying graphs of

simulations and experiments for the crab boat that since the

results are plotted in model scale the coordinate axes are greatly

expanded over those for both the Mariner and the SL7 graphs. That

is, the time axis extends for only 20 to 25 seconds (approximately

ten natural roll cycles for the crab boat model), while the roll

amplitude axis and the wave amplitude axis cover ranges of only

+ 40 degrees and + 0.5 feet, respectively. Therefore, any direct

comparison between the crab boat graphs and the Mariner and SL7

graphs must take account of these scaling differences between the

respective model and full scale presentations.

In an attempt to further improve the method of selecting the

value of roll damping and simulations, an attempt was made to

simulate free roll decay records for V/IL = 0, 0.8 and 1.0 when

GM = three and one-half percent of the ship beam. Figures 111-34,

111-35 and 111-36 show a comparison of the experimental results

with the numerical simulation output using values for roll damping

coefficients computed directly (and without modification) from

the experimental records. Using these comparisons as a starting

point, Figures 111-37, 111-38 and 111-39 show similar comparisons

using the above roll damping coefficients modified in such a way

that the "best" agreement between experiment and simulation was

achieved. It is these values for the linear and quadratic roll

damping coefficients which were used in the initial capsize simu-

lations with non-zero wave amplitudes and forward speeds.

Upon closer examination, the following comments are suggested

concerning the free roll decay records for the crab boat model.

In Reference [ 1], Blagoveshensky suggests that the total roll

damping moment may be decomposed into a linear term (dependent

on the roll velocity) which is due to wave and vortex damping,

plus a quadratic term (dependent on the square of the relative

Aroll velocity) due to frictional resistance. If this decomposition

is accepted, then the consistency of the quadratic roll damping

coefficients for a range of V/V = 0, 0.8 and 1.0 is explained

as nearly constant wetted surface (which is approximately inde-

pendent of forward speed in otherwis- water). Contrarily,
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the linear roll damping coefficient increases significantly when
V//r 0 due to increased wave-making resistance at non-zero

forward speed in the absence of incident waves.

Table D-3 is a compilation of the initial conditions

(slightly modified from the model records) which were input to the

capsize simulator for the purpose of performing the numerical

computations so as to match the test results as closely as possible.

The values for linear and quadratic roll damping coefficients

reflect the changes in the values from the free roll decay simu-

lations which were required to achieve this matching. It should

be mentioned that no explicit initial conditions for the heave

motions were input to the capsize simulator for the accompanying

three degree of freedom simulations (i.e., roll, pitch, and

heave). As was mentioned in regards to the Mariner model tests,
this was due mainly to an inability to record heave acceleration

data which were unaffected by electronic "noise" from the often-

times violent surge forces. Therefore, it was assumed that clas-
sical ship motion theory applied to the crab boat model so that

the heave motions could be considered as being uncoupled from

the roll motions. Furthermore, since heave and pitch are strongly

damped motions, then transient effects should decay rapidly and,

therefore, inaccurate-initial values would have an effect only on

the initial two to four cycles of the simulation.

* Figures 111-40, 111-41 and 111-42 show the simulated crab

boat model roll amplitude and wave amplitude (***) plotted on

the same axes as the actual experimental model records for runs
Number 7, Number 8 and Number 20 as described in Table 111-5.

The first important point to notice is that in the case of run

* Number 7 (extreme roll to port followed by a capsize to star-

board) and run Number 8 (initial extreme rolls followed by

steady state), the additional values for the linear roll damping

coefficient DAMPL and the quadratic roll damping coefficient

') *DAMPQ were reduced identically to zero from the non-zero values

derived from the free roll decay simulations. Nevertheless,

the capsize simulator failed to predict the experimental motions
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behavior and instead computed regular sinusoidal roll motions over

twenty seconds. Although the mean roll amplitudes appeared to

agree quite well in both runs, the extreme excursions were not

adequately simulated.

In comparison, the simulation of run Number 20 was quite
accurate for values of DAMPL and DAMPQ near to those derived from

the free roll decay comparisons in Figure 111-42. Aside from a

phase change in the experimental roll record near t = 6.5 seconds,

the simulated and experimental roll motions agree qualitatively

over the entire range of time shown.
A final attempt to rectify the differences between experi-

ments and simulations for run Number 7 and run Number 8 was con-

cerned with the effect of the initial roll angle on the simulated

results. That is, it was conjectured that the small value of the

roll angle initial condition which was input to the capsize simu-

lator may have had an adverse transient effect on the model scale

numerical computations. Figures 111-43 and 111-44 show two roll

motion time histories for run Number 7 with zero additional roll

damping for initial roll angles of fifteen and twenty degrees,

respectively. Note that for both fifteen and twenty degrees the

simulations are rapidly damped out over the first two roll cycles.

After that, the mean regular amplitudes are qualitatively the

same, except for the large experimental roll excursion at t = 10

seconds and the subsequent capsize. Again the simulator appears

capable of predicting regular sinusoidal roll motions as long as no
extreme excursions or capsizes occur.

k
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Table III-1

Summary of Mariner Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

p A x100% percent of runs which
B resulted in a capsize.

Regular waves

one wave component, period = 10.24 sec., X/LBP = 1.0

speed wave amplitude (ft)
(kn) 7 - 10 10 - 12 12 - 15 15 - 17; total

4.9 0/1 0 0/2 0 0/2 0 0/5 0

5.4 0/1 0 0/1 0 0/2 0 0/4 -0

5.9 0/1 0 0/1 0 1/4 25 0/1 0 1/7 14

6.4 0/1 0 2/2 100 3/5 60 2/2 100 7/10 70

6.9 0/1 0 1/3 33 4/5 80 1/1 100 6/10 60

7.3 0/1 0 0/2 0 2/5 40 3/3 100 5/11 45

7.8 0/1 0 0/2 0 4/4 100 2/2 100 6/9 67

8.3 0/1 0 4/4 100 1/2 50 5/7 71

8.8 0/1 0 1/4 25 2/2 100 3/7 43

9.3 0/2 0 0/1 0 0/3 0

9.8 0/1 0 0/1 0 0/2 0

10.8 0/1 0 0/1 0

total 0/7 0 3/15 20 19/38 50 11/16 69 33/76 43
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Table III-1 (cont.)

Summary of Mariner Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.It oB is the number of experimental runs.

P x 100% - percent of runs which
B resulted in a capsize.

Wave Groups

(two regular waves superimposed)

T, = 9.65 sec.

T2 = 10.73 sec.

T = 10.19 sec. A/LBP = 1.0ave

Wave amplitudes are the highest wave in a group.

N is the number of wave encounters per group.

speed N wave amplitude (ft) II
(kn) 121 - 15 15 - 171 17* - 20 20 - 22j total

4.9 lit 0/2 0 1/2 50 0/2 0 1/6 17

5.4 12 0/1 0 0/3 0 0/2 0 0/6 0

5.9 121 0/1 0 0/1 0 0/2 0 1/3 33 1/7 14

6.4 13 0/1 0 0/2 0 1/2 50 1/3 33 2/8 25

6.9 13 0/1 0 0/2 0 2/2 100 3/4 75 5/9 56

7.3 131 0/1 0 0/2 0 0/2 0 0/3 0 0/8 0

7.8 141 0/1 0 1/2 50 0/1 0 1/4 25 2/8 25

3.3 15 0/1 0 0/2 0 2/3 66 2/4 50 1 4/10 40

8.8 151 0/1 0 3/3 100 1/2 50 3/7 43 7/13 54

9.3 161 0/1 0 0/2 0 0/2 0 2/4 50 2/9 22

9.8 171 0/1 0 1/2 50 2/4 50 3/7 43

10.3 19 0/1 0 2/3 66 2/4 50 4/8 50

10.8 201 0/2 0 2/3 66 2/5 40

11.3 221 0/2 0 1/1 100 1/3 33

V, 11.8 25 0/1 0 2/3 66 2/4 50

12.2 271 0/2 0 0/2 0

12.7 311 0/1 0 0/1 0

total 0/8 0 4/21 19 10/31 32 22/54 41 36/114 32
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Table III-1 (cont.)
Su-mary of Mariner Experimental Runs

Values given in ship scale.

Interpretation of table: IA/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

A 100 - percent of runs which
resulted in a capsize.

Wave Groups

(two regular waves superimposed)

T, =  9.80 sec.

T2 = 10.58 sec.

Ta= 10.19 sec. A/LBP = 1.0

Wave amplitudes are the highest wave in a group.

N is the number of wave encounters per group.

speed N wave amplitude (ft)
(kn) 121 - 15 15 - 171 171 - 20 20 - 22j total

4.9 16 0/10 0/1 0 0/1 0 0/10 0/4 0

5.4 161 0/1 0 0/2 0 1/2 50 0/1 0 1/6 17

5.9 17 0/2 0 0/2 0 0/2 0 0/1 0 0/7 0

6.4 17* 0/2 0 0/3 0 1/2 50 1/2 50 2/9 22

6.9 18* 1/2 50 1/3 33 1/3 33 0/1 0 3/9 33
7.3 19 0/2 0 0/2 0 1/3 33 2/3 66 3/10 30

7.8 19J 0/2 0 1/3 33 2/3 66 1/4 25 4/12 33

8.3 20j 0/1 0 0/2 0 1/2 50 0/2 0 1/7 14

8.8 21J 1/2 50 1/3 33 1/3 33 3/8 38
9.3 23 2/2 100 1/2 50 0/3 0 3/7 43

9.8 24J 0/2 0 1/1 100 1/3 33

total 1/13 8 5/24 21 10/24 42 5/21 24 21/82 26
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Table III-1 (cont.)
SNmarv of Mariner Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.A
P - A x 100% - percent of runs whichresulted in a capsize.

Wave Groups

(two regular waves superimposed)

T, = 9.31 sec.

T2 - 11.07 sec.

T ar 10.19 sec. X/LBP = 1.0

Wave amplitudes are the highest wave in a group.

N is the number of wave encounters per group.

speed N wave amplitude (ft)
(kn) 121 -15 15 - 17J 171- 20 20- 221 total

4.9 7 0/1 0 0/2 0 0/1 0 0/4 0
5.4 7j 0/1 0 0/1 0 0/1 0 0/3 0

5.9 71 0/1 0 0/1 0 0/1 0 0/3 0
6.4 8 0/2 0 0/2 0 0/1 0 0/5 0
6.9 8 0/2 0 1/2 50 0/2 0 1/6 17
7.3 81 0/2 0 0/2 0 0/2 0 0/6 0
7.8 9 0/2 0 0/1 0 0/1 0 0/4 0

8.3 9 0/2 0 0/1 0 0/1 0 0/4 0
8.8 10 1/3 33 0/1 0 1/4 25

9.3 10 1/3 33 1/3 33
9.8 11 0/2 0 0/2 0

total 2/21 10 11/13 8 0/10 0 3/44 7
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Table 111-2

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

P - - x 100Z - percent of runs which
B resulted in a capsize.

Regular waves - GM #3

one wave component; period = 13.25 sec; X/LBP = 1.0

speed wave amplitude (ft)
(kn) 71 15 22.5 TOTAL

6.1 0/2 0 0/2 0 0/2 0 0/6 0

7.3 0/2 0 0/2 0 0/2 0 0/6 0

8.6 0/2 0 0/2 0 4/4 100 4/8 50

9.8 0/2 0 2/3 67 3/4 75 5/9 56

11.0 0/2 0 4/4 100 4/4 100 8/10 80

12.2 0/2 0 4/4 100 4/4 100 8/10 80

13.5 0/2 0 4/4 100 4/4 100 8/10 80

14.7 0/2 0 4/4 100 4/4 100 8/10 80

15.9 0/1 0 1/3 33 4/4 100 5/8 63

17.1 1/3 33 1/3 33 2/6 33

18.4 0/2 0 0/2 0

19.6 0/1 0 0/1 0

20.8 0/1 0 0/1 0

22.0 0/1 0 0/1 0

total 0/17 0 20/31 65 23/40 70 48/88 55

54

*~ -- - ----*-- ----- -S-



Table 111-2 (cont.)

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
I B is the number of experimental runs.

P x 100Z - percent of runs which
B resulted in a capsize.

Regular waves - (M #3

one wave component; period = 16.23 sec; X/LBP = 1.5

speed wve amplitude (ft)
(kn) 71 15 22.5 TOTAL

0 0/1 0 0/1 0 0/2 0

1.3 0/1 0 2/2 100 2/3 67

2.4 0/1 0 0/1 0 2/2 100 2/4 50

3.7 0/1 0 2/2 100 2/2 100 4/5 80

4.9 0/1 0 2/2 100 2/2 100 4/5 80

6.1 0/1 0 2/2 100 2/2 100 4/5 80

7.3 0/1 0 2/2 100 2/2 100 4/5 80

8.6 0/1 0 2/2 100 2/2 100 4/5 80

9.8 0/1 0 2/2 100 2/2 100 4/5 80

11.0 0/1 0 0/1 0 2/2 100 2/4 50

12.2 0/1 0 2/2 100 2/3 67

13.5 0/1 0 0/1 0

14.7 0/1 0 0/1 0

total 0/8 0 12/17 71 20/23 37 32/48 67
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Table 111-2 (cont.)
f

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: j A/B P j A is the number of runs a capsize occurred.
I B is the number of experimental runs.

B A lOOX - percent of runs whichresulted in a capsize.

Regular waves - GM #3

one wave component; period = 18.74 sec; )/LBP = 2.0

speed wave amplitude (ft)

(kn) 15 22.5 TOTAL

0 0/1 0 2/2 100 2/3 67

1.3 0/1 0 2/2 100 2/3 67

2.4 0/1 0 2/2 100 2/3 67

3.7 1/2 50 2/2 100 3/4 75

4.9 0/1 0 2/2 100 2/3 67

6.1 0/1 0 0/2 0 0/3 0

7.3 0/1 0 0/1 0 0/2 0

8.6 0/1 0 0/1 0

9.8 0/1 0 0/1 0

total 1/8 13 10/15 67 11/23 48
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Table 111-2 (cont.)

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: J A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

P At x 100% - percent of runs which
resulted in a capsize.

Regular waves - GM #5

one wave component; period = 13.25; A/LBP = 1.0

speed wave amplitude (ft)
(kn) 15 22.5 TOTAL

2.4 0/1 0 0/1 0

3.7 0/1 0 0/1 0

4.9 0/1 0 0/1 0 0/2 0

6.1 0/1 0 0/1 0 0/2 0

7.3 0/1 0 2/2 100 2/3 67

8.6 1/2 50 2/2 100 3/4 75

9.8 1/2 50 2/2 100 3/4 75

11.0 0/1 0 2/2 100 2/3 67

er 12.2 0/1 0 0/1 0

13.5 0/1 0 0/1 0

total 2/8 25 8/14 57 10/22 45
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Table 111-2 (cont.)

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs

AB

Regular waves - GM #5

one wave component
period - 16.23; A/LBP - 1.5 period - 11.48 sec; X/LBP = .75

speed wave amplitude (ft) speed wave amplitude (ft)
(kn) 15 22.5 TOTAL (kn) 15 22.5 TOTAL

0 1/1 100 2/2 100 3/3 100 4.9 0/1 0 0/1 0

1.3 2/2 100 2/2 100 4/4 100 6.1 0/1 0 0/1 0

2.4 0/1 0 3/3 100 3/4 75 7.3 0/1 0 0/1 0 0/2 0

3.7 0/1 0 0/1 0 0/2 0 8.6 0/1 0 0/1 0 0/2 0

4.9 0/1 0 0/1 0 9.8 0/1 0 0/1 0 0/2 0

total 3/5 60 7/9 78 10/14 71 11.0 0/1 0 0/1 0 0/2 0

12.2 0/1 0 1/2 50 1/3 33

13.5 0/1 0 0/1 0 0/2 0

14.7 0/1 0 0/1.0

total 0/6 0 1/10 10 1/16 6

period - 18.74; A/LBP - 2.0

speed wave amplitude (ft)
(kn) 22.5 TOTAL

0 0/1 0 0/1 0

1.2 0/1 0 0/1 0
2.4 0/1 0 o/1 0

total 0/3 0 0/3 0
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Table 111-2 (cont.)

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

P - A x 100%
B

Regular waves - GM #6

one wave component; period = 13.25 sec; A/LBP = 1.0

speed wave amplitude (ft)
(kn) 22.5 30 TOTAL

0 0/1 0 0/1 0 0/2 0

1.3 0/1 0 0/1 0 0/2 0

1.8 0/1 0 0/1 0 0/2 0

2.4 0/1 0 0/1 0 0/2 0

3.1 0/1 0 0/1 0 0/2 0

3.7 0/1 0 0/1 0 0/2 0

4.3 0/1 0 0/1 0 0/2 0

4.9 0/1 0 0/1 0 0/2 0

5.5 0/1 0 0/1 0 0/2 0

6.1 0/1 0 0/1 0 0/2 0

7.3 0/1 0 0/1 0 0/2 0

8.6 0/1 0 0/1 0

9.8 1/2 50 1/2 50

11.0 0/1 0 0/1 0

total 0/11 0 1/15 7 1/26 4
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Table 111-2 (cont.)

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

=A
P x 100%

Regular waves - GM #6

one wave component
period = 16.23 sec; A/LBP = 1.5 period = 11.48 sec. X/LBP = .75

speed wave amplitude speed wave amplitude
(kn) (ft) TOTAL (kn) (ft) TOTAL

0 0/1 0 0/1 0 2.4 0/1 0 0/1 0

1.3 0/1 0 0/1 0 3.7 0/1 0 0/1 0

1.8 O/1 a 0/1 0 4.9 0/1 0 o/i 0

2.4 0/1 0 0/1 0 6.1 0/1 0 0/1 0

3.1 0/1 0 0/1 0 7.3 0/1 0 0/1 0

3.7 0/1 0 0/1 0 8.6 0/1 0 0/1 0

4.3 0/1 0 0/1 0 9.8 0/1 0 0/1 0

total 0/7 0 0/7 0 total 0/7 0 0/7 0

7
,II
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Table 111-2 (cont.)

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

A 100%

Wave groups - GM #5

(two regular waves superimposed)

T = 14.38 sec

T2 = 12.12 sec

T = 13.25 sec X/LBP = 1.0av

Wave amplitudes are the highest wave in a group.

speed wave amplitude (ft)
(kn) 22.5 30 TOTAL

4.9 0/1 0 0/1 0 0/2 0

6.1 0/1 0 0/1 0 0/2 0

7.3 0/1 0 0/1 0 0/2 0

8.6 0/1 0 0/1 0 0/2 0

9.8 0/1 0 0/1 0 0/2 0

11.0 0/1 0 1/2 50 1/3 33

* 12.2 0/1 0 0/1 0

" total 0/6 0 1/8 13 1/14 7
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Table 111-2 (cont.)

Summary of SL7 Experimental Runs

Values given in ship scale.

Interpretation of table: A/B P A is the number of runs a capsize occurred.
B is the number of experimental runs.

A
p - A x 100Z

=B

Wave groups - GM #5

(two regular waves superimposed)

T 13.89 sec

T 2 = 12.61 sec

T = 13.25 sec X/LBP = 1.0

av

Wave amplitudes are the highest in a group.

speed wave amplitude (ft)
(kn) 22.5 30 TOTAL

4.9 0/1 0 0/1 0

6.1 0/1 0 0/1 0 0/2 0

7.3 0/1 0 0/1 0 0/2 0

8.6 1/2 50 2/2 100 3/4 75

9.8 0/1 0 1/2 50 1/3 33

11.0 0/1 0 1/1 100 1/2 50

12.2 1/1 100 1/1 100

13.5 0/1 0 0/1 0

total 1/6 17 5/10 50 6/16 38
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Table 111-5

Pacific Coast Crab Boat

Summary of Experimental Runs

Values given in model scale = full scale/22.368

Interpretation of results:J A/B Pj A is the number of runs a
I I capsize occurred.

B is the number of experimental
runs.

p = A x 100%
B

GM = 2i%B: model too unstable to test.
GM = 4%B: no capsize under any speed and wave conditions.
GM = 7#%B: no capsize under any speed and wave conditions.

Regular Waves
.(one wave component)

GM -= 3%, iT= 46%B, T = 2.728 sec.
T N

Run V/Vn X/L T, (sec) Hw/L A/Hw  Results Comments

1 0.9 0/2 0 extreme
2 1.0 0/1 0 roll
3 i.1 1.50 1.060 0.10 15 0/1 0 large roil
4 1.2 0/1 0
5 1.3 0/1 0
6 1.4 0/1 0

7* 0.9 2/2 100% capsize i-c
8* 1.0 0/2 0 starbna-(
9 1.10/ 0 exre

10 1.2 1.75 1.145 0.10 17.50 0/2 0 extrer
11 1.3 0/1 0

12 1.4 0/1 0

13 0.9
14 1.0 severe '-wave
15 1.1 1.75 1.145 0.15 11.67 no data and pitcp
16 1.217 1.3 mome r, t s
18 1.4

19 0.9 2/2 100% capsize to
20* 1.0 0/2 0 port
21 1.1 2.00 1.224 0.10 20 0/1 0 moderate
22 1.2 0/1 0 roll
23 1.3 0/i 0
24 1.4 0/1 0

* indicates simulated runs. total: 4/23 17%
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IV A ONE DEGREE-OF-FREEDOM MODEL OF THE

NONLINEAR ROLLING MOTION OF A SHIP IN

WAVE GROUPS

Reference [10] contained a brief discussion of the analysis

of the rolling motion of a ship moving in following or quartering

seas by ireans of one degree of freedom equation of motion. The

nonlinear restoring moment at large angles of heel and nonlinear

damping vore included in this equation, and the time dependence of

the roll restoring moment was approximated for the case of regular

waves. qIhe ecuation of motion was integrated numerically to obtain

a time history of the roll motion.

It became apparent during the development of the six degree of

freedom raosize simulator program that considerable computing time

and expen e would be involved in running full simulations, and, in

order to use the simulator effectively, a preliminary screening of

cases to he run would be desirable in order to eliminate combinations,

e.g. of ship speed, heading, and wave characteristics which would

not p)roduce severe motions. The one degree of freedom model was

considered a possible means of conducting this preliminary screening.

The simple procedure and associated computer program described

in Reference [10] had two shortcomings which have now been rectified;

It used only an approximation to the time dependent variation of

the righting arm curve and it was capable of treating a wave system

consistinCT of only a single regular wave. The current procedure

computes the "exact" righting arm at each time step of the numerical

simulation and provision is made for including several component

waves. This latter feature now permits the determination of the

ship response to wave group.

Unfortunately, these modifications have increased the program

running time substantially and its usefulness as a screening,

procedure is somewhat degraded. The results produced do, however,

resemble the results of experiments in important respects.

One degrLe of freedom equation of rolling motion in oblique seas.

The one degree of freedom nonlinear rolling equation among
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long-crested waves may be considered in the form:

I + N(p) + B( ) F(t) (IV-l)

where

= angle of inclination of the ship from the vertical

I = roll moment of inertiax

SA( + p) 2
-- rg x

1 = added mass coefficient

r X = radius of gyration of mass of ship about a longitudinal

axis through C.G.

N(P) = damping function

B(V) = restoring function
F(t) = roll exciting moment.

The wave is represented by a linear combination of a series of
sinusoidal waves and is given by:

N
Z = E An cos(kn x-w t+ n ) (IV-2)n=n n

where

An = amplitude of the nth wave component
th

Wn = frequency of the n component

n = phase angle

nnk n = 2/X n

X = wave lengthn

N - number of wave components.

From equation kV-), the wave slope at any point can be obtained by

taking the first derivative of Z with respect to x,

dZ N
n~ l [-A k sin (k - t+ n )] "

n nin n n n

ill

* ~ * 7



The effective wave slope at a fixed point becomes

dz= N
dZ _T [An k sin(w nt - Cn ]. (IV-3)

n=l

In oblique seas, the wave-induced rolling moment is determined

by the effective wave slope and is given approximately by,

N
F(t) = A Gisin " F [Ank nsin(wen t - 0 n] (IV-4)

n=l

where

= angle between the ship's course and the direction of

wave motion, as shown in Figure IV-l.

Wen = encounter frequency

Wn - k nVs cos,

V s = ship speed.

The restoring function, B(f), in equation (IV-l) is a function

of the righting moment and can be expressed as:

B (4,) AGZ(0, ,t)

where A is the total displacement of the ship. Therefore, the

one degree of freedom equation of rolling motion in oblique seas

may be written as:

N
I x + N(p) + AGZ( p,t)= AGM 7 [Anknsin(to ent-0)] (IV-5)

n= 1n

.Ik.m Determination of the damping coefficient.

In equation (IV-l)the damping moment, N( ), for a large roll

angle is modelled as the sum of a linear term and a cubic cerm

following the procedure of Reference [ 3 1

N() = N31 + N 3 3 p
3  (IV-6)

In order to estimate the values of N31 and N 3 3 , the coefficients

r and r 3 are chosen so as to best fit the free roll decayrecord.
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dy Y3

w- = rlY + r3Y
3  (IV-7)

where ! is the decrease in roll amplitude per cycle. The esti-

mates of N31 and N33 then are given by the following expressions

as shown in Reference [ 3]

N31 =Tr r1

4Ix
N 33 = 3ra r 3

n

where
= (I +i)GM

an I
x

Determination of the righting moment of a ship in waves.

The method of determining the righting moment on the wave

described in Reference [11] is used to calculate the righting arm

for the instantaneous position of the ship and wave profile. It

was assumed that the hydrostatic pressure distribution yields re-

sults which are sufficiently accurate for the present purpose and

the hydrodynamic pressure in wave was neglected. Therefore, the

total righting moment is given by

stern
Rm = f ' (x)M(x)ex (IV-9)

bow

where

w' (x) = effective weight density of water at each section

= pressure gradient at the depth of centroid of each

section

M(x) = moment of the immersed section area about a vertical

axis through an assumed C.G.

It is assumed that the ship is in a position of vertical and

trim static equilibrium on the wave. This requires that the buoyant

force equals the weight, i.e.,

112



stern

bow "' (xA(xdx A (IV-10)

and the moment of the buoyant force about a transverse axis is

equal to the moment of weight of the ship about the transverse axis,

stern
bow xw (x)A(x)dx = xBA . (IV-11)

The righting arm,GZ will then be given by

gstern
GZ = Ibow M(x)wl'(x)dx/A .

Numerical solution to the problem.

From equation (IV-l)and equation (IV-0 the equation of rolling

motion is given by

+ N31" + N33 
3 +AGZ(*,t) = F(t) (IV-12)

This differential equation may be transformed into a system of

two first-order equations which are integrated numerically by the

Runge-Kutta method.

To develop a procedure which can be easily used for a computer

solution, we set

Yl =

Y2 =

The original differential equation, therefore, may be transformed

into two simultaneous first-order differential equations which

are given by:

* dYl N31  N3 3 3 _ iZ F(t)
dt = - T-'I - I-- i I I

*I dy2

%-= YJ• (IV-13)

If we set
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N3 1  N3 3 3 A z F(t)

f 1 (Yl ' Y2' t) = - - - i-Y 1  (Y2  t) I

and f2 (yl) = Yl

then equation (IV-13) may be written as:

dt 1 (Yl' Y2' t)

dY2

If the values of the dependent variables in equation aV-14)are

given at t = tn, we can use the following algorithm to obtain their

numerical values at tn+1 = tn + At

(Yl)n+l = (Yl)n + (Ayl)n

(Y2)n+l = (Y2)n + (AY2 ) n

where
At

(AY)n = (k + 2kI + 2k 2 + k3 )

= A-t(m + 2m + 2m + m
(AY2) a 0 1 m2 +i 3 )

and

k0  fl[(tn,(Yl)n , (Y2)n ]  m =2(Yl)n ]

k f At A tA' nl l tn+T, (yl)n+koT (Y2)n+mo ]' ml = f 2 [(Yl)n+ko ]

I 2=At At Atf At
k = fl[tn+T,(yl)n+ki ,(Y~n+mlT] m2 = f 2 [(Yl)n+ kl],

2 1 n 2, (yl)n+k 2 1(Y 2 )n+m 2 At]  m3  2
"k3 fl[t + At, (y~ +k At+'t

. (IV- 19)

, The numerical solutions from such a computer simulation are shown

in figures IV-2 through IV-7 to compare with the experi-

mental results in three different cases.
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CONCLUSIONS

As in virtually all research programs involving new or little

understood phenomena, the results which have been obtained from

the present study are somewhat less complete than was originally

expected. Nevertheless, some important aspects of the ability

to simulate by computer the severe rolling motions and capsizing

of ships in following seas have been investigated and conclusions
may be drawn. The following are the most important of them.

(1) The numerical capsize simulator program has the

capability of providing a good representation of the rolling and

capsizing motion in following seas for a ship whose proportions

and speed are not greatly different from those of an average

seagoing merchant ship.
(2) The capability to simulate the motion of a vessel of high

volumetric coefficient and high speed is less clearly demonstrated.

This is probably a result of the approximations used in the simu-

lation of hydrodynamic forces for such vessels.

The studies whose results are presented here, are insufficient
to distinguish clearly the characteristics of the hull forms for

which "good" and "bad" simulations may be expected. However,

tentatively the following features may be expected to characterize

ships for which good results may be expected.

a. L/B > 5

b. B/T < 3

c. CB < 0.7

d. V//L < 1.0

e. A fair hull form without chines or other abrupt
discontinuities.

Erratic results may be expected for hull forms which fall

outside these criteria. Since the accuracy of the simulation

seems especially sensitive to roll damping, hull characteristics
) which may lead to a strong amplitude dependence of the roll damping

must be viewed with caution. Such characteristics are

123

". ?. * ."0""--- . -- - - - --- ,., -



a. High B/T

b. Low F/B (Freeboard/Beam)

c. Chines or other discontinuities, especially near the
waterline.

(3) The occurrence of a capsize and, consequently, the

ability to simulate that capsize appears to be quite sensitive to

roll damping. The damping coefficient which is obtained by a roll

decay experiment in calm water does not always give good results

for the simulated motion in following waves.

(4) In the experiments, the occurrence of a capsize was found

to be quite sensitive to small variations in wave properties. Thus,

even in waves which were nominally regular, slight variations in

wave shape caused the motion extremes and capsize occurrence to

take on somewhat random qualities.

(5) Capsizes in a following sea which result from low cylce

resonance may occur when the model or ship encounters from two to

six waves of critical steepness and regularity. The occurrence of

capsize is greatest if the frequency of encounter is twice the

natural frequency of roll.

(6) In order to obtain reliable results with the use of the

simulator, the effective roll damping moment at large angles in

waves must be predicted with more precision. This will require

new understanding to be developed concerning the mechanism of roll

damping and the effect of waves on it.

In the case of extremely steep waves, large roll motions and

irregular, full hull forms, the conventional concepts upon which

ship motion predictions are based may, in fact, not be sufficiently

accurate at all. Specifically, the subdivision of the force and

moment system acting on the ship into independent terms referred

to as "added mass", "damping", "static restoring" and "wave-exciting"

forces, even when a nonlinear relationship is assumed between the

force term and the relevant motion variable, may bmit vital

interactions and other effects which may have profound hydrodynamic

effects. It is probably safe to state that hydrodynamic theory

alone is not, at present, capable of yielding a satisfactory
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solution to the general problem of concern here. Some of the

current work in the field of numerical hydrodynamics may shed

light on some aspects of the problem. An example is the simu-

lation of breaking waves by direct numerical solution of the

equations of motion of the fluid. In order for this type of

simulation to be of use in simulating the complete ship capsizing

situation, a substantial increase in available computational

capability is required.

Initially, it is suggested that experimental studies may

be carried out with the objective of pinpointing the important

parameters and relationships in the ship wave interaction pheno-

mena. Two types of experiments are suggested:

a. Forced-roll experiments using a large-amplitude planar

motion mechanism. These should be conducted in calm

water and in waves.

b. Free-motion experiments in calm water and waves.

In both cases, the experimental results should be analyzed

using system identification techniques coupled with a compre-

hensive model of the hydrodynamic force system. While the second

of the above category of experiments duplicate, in some ways,

experiments described in the present report, the emphasis should

be placed on the methods and theoretical models used in the

analysis in order to shed the most light on the hydrodynamic

force relationships. It must be emphasized that the needed

basic research work involves a complete departure from conventional

methods of ship motion analysis, and the specific methodology and

results cannot be forseen in advance.
(7) The one-degree-of-freedom roll motion simulator, in

some cases gave results which were in good agreement with experi-

ments. In order to achieve this capability for composite wave

groups, however, the running time of the simulator has been sub-

stantially increased over that of earlier versions such that it
now approaches that of the six-degree-of-freedom simulator.
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Appendix A
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Body Plans

Tables of Offsets
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Table A-I

PRINCIPAL DIMENSIONS

OF THE

MARINER AND AMERICAN CHALLENGER

MARINER 77.7 AMERICAN CHALLENGER

ship model 1/96 ship model 1/30.189

length between
perpendiculars LBP 528.0' 66" 529.0' 17.523'

length for ordinates 520.0' 65" 521.0' 17,258'

breadth, molded B 76.0' 9.5" 75.0' 2.484'

depth, molded to ,
main deck D 47.7' 5.96" 46.0' 18.484"

draft, molded to
design waterline T 27.0' 3.38" 27.5' 10.931"

Model Test Condition **

displacement A 21616 LT(FW) 52.29 lb(FW) 19643 LT(SW) 1600 lb(SW)

draft forward TF 26.94' 3.37" 26.00' 10.33"

draft aft TA 34.71' 4.34" 33.50' 13.32"

transverse meta-
centric height GM .62' .078" 1.16' .46"

GM/B % ..82 .82 1.54 1.54

transverse KM 31.91' 3.989" 31.35' 12.46"

transverse radius
of gyration (air) it  26.40' 3.30" 25.58' 10.16"

longitudinal rad.
of gyration (air) i1  143.0' 1.49' 140.2' 4.64'

block coefficient C .636 .636 .582 .582
b

prismatic coef. C .648 .648 .592 .592

midship section
coef. C .983 .983 .984 .984

m
LBP/B 6.95 6.95 7.05 7.05

B/D 1.59 1.59 1.63 1.63

* The American Challenger model (1/30.189) was built to the

top of the bulwarks. Reference (41 gives D as 46.5 feet,

however the table of offsets used for computing the righting

arm curves has D as 46.0 feet.

** This is a measured value and does not agree with the com-

puted value due to distortion of the Mariner model (1/96)

geometry. A-i
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TABLE OF OFFSETS

The first line of the table of offsets is the title, e.g.

"CAPSIZE SIMULATOR: FULL OFFSETS (100%0". The second line is

the ship identification, fo::- this example: "MARINER 77.7"; length

between perpendiculars: "520.00"; beam: "76.00"; design draft:

'27.00". The third line of the table of offsets is the number of

stations: "25". Next are the coordinates of the offsets for each

station. The first line for each station has the number of points

on one side of the symmetric station (for the first station of

the example this is 10) and the distance of that station aft of

tkh forward perpendicular (for the first station of the example

this is 4.00 ft). This is followed by the coorditnates of each

point in the transverse plane. The first column has the dis-

tance in feet above the keel (for the first station first point

of the example, this is 0, and for the last point of the first

station this is 68.70). The second column has the distance in

feet abeam the vertical centerline (for the same example, first

point, this is 0, and last point is 14.80). All of the remaining

stations have the same format.

jiA
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Table A-2

Mariner - Pull Table of Offsets

', CAPSIZE SIMUI ATOR: FULL FFSETS (100%)
MARINER 77.7 52()00() 76.00 27.00

25
10 4.00

01 0.
0. .60
4.48 2.80
23.00 .64
29.00 .64 9 78.00 10 208.00
36.36 1.30 0. 0. 0. 0.
42.52 3.40 0. 3.00 0. 25.60
51.40 6,80 1.35 6.65 2.26 31.80
63.10 13.15 4.00 10.00 5.98 34.70
68.70 14.80 8.68 12.22 8.20 35.75

12 13.00 30.70 16.80 13.60 37.04
0. 0• 40.953 21.45 18.20 37.30
0. 1.20 47.80 24.70 36.50 38,00
1.90 3.20 60.30 30.40 45.00 38.00
4.65 3.91 9 104.00 48.90 38.00
8. 50 3,91 0, 0. 8 234.00
18.40 2.03 0. 4.20 0. 0.
27.00 2.03 1.04 9.20 0. 29.00
34.25 2.60 3*50 13.45 2.00 33.80
42.40 5.50 7.84 16.70 5.28 36.60
50.00 8.150 12.20 18.60 8.00 37.32
62.70 16.30 35.20 25.10 13.80 38,00
68.00 17.90 48.35 30.15 44.60 38.00

10 76.00 52.70 31,30 47.90 38.00
0. o. 8 130.00 7 260.00
0. 1.40 0. 0. 0. 0.
2.40 4.20 0. 8.20 0. 29.80
5.44 5.3.8 1.75 15.50 1.28 33.66

21.70 4,00 4.70 19.51 5,00 37.00
30.76 4 , 72 7.96 '2220 9 .85 38.00
36.00 5 .80 14.00 25,.20 44450 38.00
47.80 11.30 47.20 33.60 47.70 38.00
61.95 20.20 ","i i.. 40 34,20 10 286.00
66.10 21.60 8 156,00 0. 0.
9 39.0 . 0, 0. 28.20

0. 0. 0. 13.80 .28 30.30
0. 1 .70 2.08 21.30 1.00 32.70
1.90 4.10 4.84 25.32 2o8 34,85
,5.36 6.32 8.80 28,10 4.5L, 36.22

"2. 6.32 17,20 31,60 7.00 37.40
32.00 7.60 46.30 36.00 9.85 38,00

41.00 11.20 50,50 36.40 44.50 38.00
50.20 16,40 9 182.00 47.70 38.00

9 '62.50 23.00 0. 0. 10 312.00
5 2. 00 0. 18,60 0. 0.

0. 0. .80 23,40 0. 26.96
0. 2.20 2,84 27.86 .65 29.50
1.80 5.50 6.20 31.40 2.10 32.80
6.60 7.90 12.60 34.38 5.50 35.80

204.00 8. 80 38.65 37.20 8.95 37.15
30.40 10.30 4").50 37.48 12.4)0 37.70
40.00 14.20 49.50 37.,50 22.60 38.00
47.40 18.13 44.60 38.00
61.60 25.80 47 70 358.00
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Table A-2 (cont.)
Mariner Full Table of Offsets (cont.)

CAPSIZE SIMULAT()R: FULL O FfSETS (100%)

11 338.00 10 442.00 7 520.00
0. 0. 0. 0. 26.00 0.
0. 22.60 0. 2.80 29.29 5.10
.54 25.00 .60 6.00 34.60 11.50

2.00 29.18 3.30 9*46 38.90 16.00
5.00 32.70 11.58 15.35 44.20 20.50
7.70 34*75 28.65 29,55 47.20 22.40

10.10 35.90 36.00 33,80 52.90 23.10
13.45 36.90 41.40 35.53
21.20 38.00 45.70 36.30
44.75 38.00 49.50 36.50
47.70 38.00 9 468.00

11 364.00 0. 0.
0. 0. 0. 2,00
0. 17.00 2.00 5.10
1.90 24.20 18.20 12.40
3*85 26.90 3,.00 25.70
7,00 30.40 38.62 30.35

12,00 33.90 44.00 33,15
18.30 36.40 46.10 33.75

24.00 37.30 50.60 34,20

36.00 .38.00 11 481.00
44.90 38.00 0. 0.

47.70 38.00 0. 1.60

12 390,00 2.10 3.65
O. 0. 4.90 4,78
0. 11.20 11.41 6.20
1.70 17.40 19.20 8.90
4.60 22.20 34.90 24.65
10.10 27.60 39.25 28,00
14.40 31.20 44.00 30.76
20.00 33,90 46.35 31.75
27.00 36.40 51.10 32.30

. 31.80 37.35 9 494.00
37.35 37,85 0. 0.

45.10 38.00 0. 1.30
48.40 .38.00 4.15 2,85

13 416.00 7.58 3.30
0. 0. 20.00 5,00
0. 6.80 36.95 22.70
.75 9.60 43.10 27.56

2.30 12.70 46.70 29.40
4.80 16*05 51.60 29.80
8.80 20.00 9 507.00

14.40 2500 2.o00 0.
20.15 8.00 .70
25.00 32. 5 "2.90 2.00
33.20 36.10 29.20 10.00
40.20 37.i0 36.95 18.70
45.40 V1.60 40.20 21.80
48.90 37.10 44.55 25.10

46.90 26,40
52.20 27.00
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Table A-3

Mariner - Partial Table of Offsets

CAPSIZE SIML. t..Afil: PARI' L OFF'SEFTS (33%)

NARINER 77.7 b20*OO 76.00 27.00
13

6 4,00
0. 0.
0. .60 7 312.00

29.00 .64 0* 0.
42*52 3.40 0. 26.96
51.40 6.80 2,10 32.80
68.70 14,80 5*50 35,80

5 26*00 12.00 37,70
0. 0. 22.60 38.00

5.44 5.18 47.70 38.00
36.00 5.80 7 364.00
47.80 11,30 0. 0.
66.70 21,60 0. 17.00
6 52.00 3.85 26,90

0. 0. 12.00 33.90
1.g0 5050 24.00 37,30

20.00 8.80 36.00 38.00
40.00 14.20 47.70 38.00
47.40 18.13 8 416.00
61.60 25.80 01 O
6 104.00 *75 9.60

0* 0* 2.30 12.70
0. 4.20 8.80 20.00

3.50 13.45 20.15 29.50
12,20 18,60 33,20 36.10
35.20 25.10 40.20 37.30
52.70 31,30 48.90 37,70
6 156.00 6 468.00

0. 0. 0. 0,
0. 13.80 2*00 5.10

2*08 21.30 18.20 12.40
8.80 28.10 32,00 25.70
17.20 31.60 44.00 33.15
50,50 36.40 50.60 34.20
6 208.00 6 494.00

0. 0. 0. 0.
0. 25,60 0. 1.30

2,26 31.80 20,00 5.00
8.20 35.75 36.95 22.70
36.50 38.00 43.10 27.56
48.90 38,00 51.60 29.80

5 260.00 5 520.00
O. 0. 26.00 0.
0. 29.80 29.29 5.10

5.00 37.00 38,90 16.00
9.85 38.00 44.20 20.50
47.70 38.00 52.90 23.10
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Table A-4

Principal Dimensions

SEALAND 7 Containership

Fresh Water

Abbrev. Ship Model (1:150)

Length between perpendicular LBP 900.0' 6.00'

Breadth (molded) B 105.5' 8.44"

Depth (molded) D 64.0' 4.90"

Draft (molded) T 38.9' 3.11"

Displacement A 57,797 LT 38.36 lbs

Draft forward TF 38.9' 3.11"

Draft aft TA  38.9' 3.11"

Transverse metacentric height

#3 - heavy GM .92' .0736"

#5 - heavy GM 1.76' .141"

#6 - heavy GM 2.19' .175"

Transverse KM 44.88' 3.59"

Transverse radius of gyration (air) iT  47.0' 3.76"

Longitudinal radius of gyration (air) iL  219.0' 1.46'

Block coefficient CB .561 .561

Prismatic coefficient Cp .593 .593

Midship section coefficient Cm  .946 .946

Waterplane coefficient Cw  .718 .718
Transverse metacentric height

#3 - heavy GM/B x 100% 0.87% 0.87%

#5 - heavy GM/B x 100% 1.67% 1.67%

#6 - heavy GM/B x 100% 2.08% 2.08%

Ratio of length to breadth LBP/B 8.53 8.53
Ratio of length to draft LBP/T 23.14 23.14

Ratio of breadth to draft B/T 2.71 2.71

A-9
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Table A-5

Sea Land 7 Full Table of Offsets

SEALAND CONTAINER VESSEL 9L-7 26 STATIONS

SEA LAND 7 CONT VES 900.00 105.50 32.00
26
17 0.

0. 0.
1.00 3.60
3.00 5.84 15 135.00 13 180.00
6.00 7.04 0. 0. 0.
9.00 6.96 0. 2.80 o. 4.0G

12.00 6.00 1.00 6.48 1.00 7.E;1
18.00 3.20 3.00 8.88 3.00 10.4,
24.00 .88 6.00 10.72 --6i00 12 -12.8
27.00 .32 9.00 11.36 9.00 14..
30.00 0. 12.00 11.44 12.00 15.21"
33.00 .24 15.00 11.36 18.00 17,2.
36.00 .48 18.00 11.36 24.00 19.22

42.00 1.60 24.00 12.00 30.00 21.Ao
48.00 3.04 30.00 13.92 36.00 24.

1 56.00 5.28 36.00 16.72 48.00 31. 56
64.00 8.00 48.00 23.92 64.43 41.7
80.00 14.24 64.00 35.01 11 225.§0

17 45.00 75.10 43.20 0. 0.
0. 0. 15 160.00 0. 5.00

1.00 4.48 0. 0 1.00 10.0G
300 6.72 0. 3.44 3.00 13.t"
6.00 8.24 1.00 7,04 6.00 16.8
9000 8.24 3.00 9.68 12.00 21.20
12.00 7.52 6.00 11.76 18.00 24.4-'
18.00 4.96 12.00 13.20 30.00 29.79
24.00 2.88 18.00 14.48 42.00 35.29
27.00 2.56 24.00 16.08 52.00 40.2,5

* 30.00 2.48 30.00 18.32 64.25 47.28
33.00 2.88 36.00 21,20 11 270.00
36.00 3"92 42.00 24.56 0 O.

42.00 6.16 48.00 28.16 0. 6.40
48.00 8.96 56.00 33.52 1.00 13.61

56.00 13.12 64.50 39.52 3.00 18.40
64.00 17.68 75.00 47.36 6*00 22.96
77.33 25.52 14 160.05 12.00 28.24

16 90.00 0. 0. 18.00 31.92
0. 0. 0. 3.44 30.00 37.1'2
0. 1.76 1.00 7.04 42*00 41.84
1.00 5.36 3.00 9.68 52.00 45.52

* 3.00 7.60 6.00 11.76 64.08 50.24

6.00 9.20 12.00 13.20 10 315.00
9.00 9.60 18.00 14,48 0 0.
12.00 9.28 24.00 16.08 .25 13.12
18.00 7.52 30.00 18.32 1.00 18.80
21.00 6.80 36.00 21.20 3.00 24.96
24.00 6.40 42.00 24.56 6.00 29.92
27.00 6.56 48.00 28.16 12,00 35.52
30,00 7,20 5600 33.52 24.00 41.60
36,00 9.52 64.50 3952 3600 45.28
42.00 12.64 69.00 45.18
56.00 21.44 64.00 51.84

75.50 35.04
A-11
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Table A-5 (cont.)

Sea Land 7 Full Table of Offsets

11 360.00 10 540.00 11 720,00

0. 0* 0. 0. 0. 0.
.25 13.20 .25 13.20 0* 2.40
.33 21.20 .50 26,40 3.00 9.76

1.00 25.84 2.17 39.60 6.00 16.88

3*00 32*24 3.00 41.44 12.00 27.84

6.00 36*88 6.00 46.08 18.00 35.60

12.00 42.24 12,00 50.56 24.00 40.72

24.00 47.28 18.00 52.24 30*00 44.48

36.00 49.68 24.00 52.80 36.00 47.12

48.00 51.20 64.00 52,80 48,00 50.40

64*00 52.80 11 585.00 64.00 52.08

13 405.00 0. 0. 11 765*00

0. 0. .25 13.20 0. 0.

.25 13.20 .48 24.80 0. 1.76

•33 21.20 1.00 28.80 3.00 4,80

.50 26.40 3.00 36.16 6.00 8.64

1.00 32.40 6.00 41.92 12.00 17.20

3,00 38.40 12.00 48.00 18.00 25.04

6.00 42.88 18.00 51.04 24.00 31.44

12.00 47.60 24.00 52,40 30.00 36.64

18.00 49.84 30.00 52.80 36.00 40*88

24.00 51.12 64,00 52.80 48.00 46.48

36.00 52.16 12 630.00 64*00 50.00

48.00 52.48 o, 0. 13 810,00

64*00 52.80 .25 12.80 0. 0.

11 450.00 1.00 19.44 0. 2.56

0* 0. 3,00 28*00 2*00 2.64

.25 13.20 6.00 35.60 3.58 2*72
633 21.20 12,00 43,68 6.00 4.00
.50 26.40 18,00 48.32 12.00 8.16

1.00 37.60 24,00 50.88 18.00 13.76

3.00 43.36 30,00 52.16 24.00 19.92

6.00 47.20 36.00 52.64 30*00 26.40

12.00 50.80 48,00 52.80 36,00 32.24

18,00 52.24 64,00 52,80 42.00 37.12

30,00 52.80 11 675.00 52*00 42.56

64.00 52.80 0. 0. 64.25 46.16

10 495.00 1.00 9o28 10 832,50
O 0. "-3-00-- 19.00 6.25 0.

•25 13.20 6.00 26.88 9.00 2.40

: .50 26.40 12.00 37.20 12.00 4,48

1.25 39.60 18.00 43,44 18.00 8.64

3.00 44.08 24.00 47.36 24.00 13,68

6.00 48.24 30.00 49,76 30.00 20.32
12.00 51.68 36.00 51,20 36.00 26.88

18.00 52.56 48,00 52,16 42,00 32.40
24*00 52.90 64.00 52.64 52*00 38,88
64.00 52,80 64.33 43.36

A-12



Table A-5 (cont.)

Sea Land 7 Full Table of Offsets

13 855.00 15

10.75 0. O. 0.

10.75 3.44 1.50 9.60
12.00 3.44 6.00 16.08
15.00 3.60 8.25 16.88

18.45 3.76 12.00 14.24
21.00 5.12 18.00 7.04

24.00 7,28 24.00 1.92

30.00 13.84 30.00 0.

36.00 20.88 36.00 .40

42.00 27.60 42.00 1.92

48.00 32.48 48.00 4.16

56.00 37.12 56.00 7,92

64.42 39.68 64.00 12,24

12 877,50 72.00 17,12

.50 0. 81.75 23.44

.50 1,50 11
10.75 2.00 O -71,12

18.00 2.32 3.00 -69.44
24.00 2.56 6.00 -67.68

26.50 2.72 10,75 -64.96
30,00 7.20 10.75 -19.44

36.00 14.40 12,00 -19.44

42.00 21,28 25,00 -19.44
48,00 26,64 30.00 0.

56.00 31.68 33.00 12,24

64,67 35.20 42.00 13.92
6 900,00 64.83 17.92
30.00 0.
36.00 7,60
42.00 14,80

48.00 20.40
* 56,00 26,00

64.83 29,60
6 915,00

33.00 01
36.00 3.76
42.00 10,56

48*00 16.08
56.00 21.84

4 64.92 26.08
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Table A-6

Sea Land 7 Partial Table of Offsets

SEALAND CONTAINER VESSEL SL-7 14 STATIONS
SEA LAND 7 CONT VES 900.00 105.50 32.00

1*
9 0.

0. 0. 6 450.00 9
6.00 7.04 0. 0* 0. 0.
12.00 6.00 .50 26.40 1.50 9.60
18.00 3*20 3.00 43*36 825 16.88
24.00 .88 6.00 47,20 18.00 7*04
30,00 0. 18.00 52.24 30.00 0.
36.00 .48 64.00 52.80 42.00 1.92
64.00 8100 6 540.00 56.00 7.92
80.00 14.24 0. 0. 72.00 17.12

10 90.00 ,50 26.40 81.75 23.44
0. 0* 3.00 41.44 6
0. 1.76 12.00 50.56 0 -71,12
3.00 7.60 24,00 52*80 6.00 -67.68
6.00 9.20 64.00 52.80 10.75 -19.44
12.00 9.28 6 630.00 25.00 -19.44
1800 7.52 0. 0. 33.00 12.24
24.00 6*40 3.00 28.00 64.83 17.92
30.00 7.20 6.00 35.60
36.00 9.52 18.00 48.32
75.50 35.04 30,00 52.16

9 160.00 64.00 52.80
0. 0. 4 720.00
0. 3.44 0. 0.
3.00 9.68 18,00 35*60
6.00 11.76 36.00 47.12
18.00 14.48 64.00 52,08
30,00 18.32 7 810.00
42,00 24.56 0. 0.
56.00 33.52 2,00 2.64
75.00 47.36 6.00 4,00
7 225*00 12.00 8.16
0. 0. 42.00 37.12
0. 5.04 52,00 42.56
3.00 13.52 64.25 46.16
6.00 16.88 6 877*50
18.00 24.48 .50 0.
52.00 40,15 .50 1.50
64*25 47.28 26*50 2*72
5 315.00 42*00 21.28

0. 0. 48.00 26,64
.25 13.12 64.67 35.20

6.00 29.92 4 900.00
24,00 41,60 30.00 0.
64*00 51.84 42.00 14.80
6 360.00 48.00 20.40
0. 0 64.83 29.60
*33 21.20 4 915.00

6.00 36.88 33.00 0*
12,00 42.24 42.00 10,56
24,00 47.28 48.00 16.08
64.00 5280 64*92 26,08
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Table A-7

Pacific Coast Crab Boat

Principal Dimensions

Full Scale Model scale:
1/22.368

Design displacement A 260 LT(SW) 52.00 lb(SW)
o

Length between
perpendiculars of
design LWL LBP 85.07' 3.8033'

Breadth, molded to
design LWL B 24.79' 1.1083'

Depth, molded to
main deck D 14.18' 0.6339'

Draft, molded to

design LWL T 12.00' 0.5365'

it -
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Table A-8

Pacific Coast Crab Boat

Test Conditions

Full Scale Model Scale, 1/22.368

Displacement A 340 LT(SW) 67.95 lb(SW)

Length L 85.75' 3.8336'

Beam B 27.71' 1.1494'

Mean draft T 13.58' 0.6071'

Trim (+by bow) 0 0

Transverse metacentric 1.93', 1.03' 0.0862', 0.0460',
height GM 0.90', 0.64' 0.0402', 0.0287'

Transverse metacentric 7j%, 4Z, 7j%, 4j%
height 100CM/B 3j%, 2jZ* 30%, 2j%*

Transverse metacenter KM 16.20' 0.7242'

Transverse radius of
gyration (air) it  11.93' 0.5332'

Transverse radius of
gyration 1001 t/B 46Z** 46%**

Longitudinal radius of
gyration (air) iL 36.04' 1.6113'

Longitudinal radius of
gyration 100iL/L 42%*** 42%***

Form Coefficients

Block coefficient Cb  0.443

Prismatic coefficient C 0.653P
Midship coefficient C 0.679m

Length-beam ratio L/B 3.335

Beam-depth ratio B/D 1.813

Beam-draft ratio B/T 1.893

SDisplacemqnt-depth ratio A/(0. OIL) 3  540

*These values for 100CM/B are less than the representative value of GM > 10%B for

fishing vessels given by Saunders in 1141.

**This value for lOOi /B is at the upper end of the representative value of 47%

B > i T>402B for fishing vessels given by Saunders in [14].

***This value for 100 /L exceeds that of 252L > I > 232L suggested by Saunders in

[141. This was an unavoidable consequence of having to place the vertical gyro-
scope at the bow under the forecastle deck, and of counterbalancing this large
weight with ballast at the stern under the poop deck in order to maintain zero
trim.
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Table A-9

CRAB BOAT - Table of Offsets

PAlIFIC CUAST LkB GOAT: TAULL 01- FULL SCALE OFFSETS
U. b *C .i .1:48246526512 85. 75 5.71 13958

16
7 0.00 

12.30 0.00 9 00 9L1 1 0.00
14930 3981 2o24 Jo0 0.15 0.34
16.11 1071 2,24 '.o34 6.85 1.45
18. ?0, 3.00 308- 004f 9e29 11407
20.-.32 /s14 5o%) 2 15.64 12.51
22.J3 5..2t 6000 4s49 19.22 1201
23. 90 co3-2 7.00 5.e3 6 72.73

12 4.28 8.00 0.80 0.00 0.00
6c t c.co 8.65 1.38 0.00 0.18
6*t,f C. 33 20.68 a 1175 7.66 0.54
B.%'1 ct5 tO ;1.-9 10.14 10081
9.03 1.21 2. 09 oO0 15.8L 1202.23
1.0o 1.68 2., 0i34 19.14 L1.90
12. - "632 3.63 0.47 1 79.14
13.2 -.. 0) 4 b5 J, 8. 7t 0.00
14.30 3.37 50c 3 10.92 10.46
6. JO 4.36 6.00 5.70 16.05 11.97
18.JO 5.53 7.0,) 7.5o 19.66 11.56
16. o2 t38uJ 8,84 4 8121
22. 1 16.19 11.05 1o.90 0.00

13 8.5b 20.24 12.37 11.81 " 92
4,33; o.O 9 25.67 16.33 1 .5b
40"

9 r  
0 .05 1 bli C. 

0 0
0 1909' 7 1L.11I

b,.) 1.26 1.089 0.34 7 e5.2)
.0 2!. 12 30.5' 0.4 11.11 .1,0

8o.) 2.80 4.33 -.00 11.74 3.00
a* i 3.30 5.59 .030 12.00 4.10
9.uo 3.36 6.- b 0b.43 12095 6.30
10."C 3 .91 f.4,o 43 76 149.O7 7.46
12.0 4.85 16.05 11.86 16o 9 so
14..0 5.td 19.'4 3 12.29 20o6 o 75
160 a, t.77 6 34.22 8
1 .00 7.85 1.53 C.00 2.24 -17.11
2213 ) .43) 1.53 0*34 2.77 -12.83

I r, 1 E.53 3.003 0.47 3.87 -8.50
2,. ].Cc 60o7 11.10 5.96 -4.2d
2.eJ 0 .- 3 15.58 12.68 8.00 -2.11
4*2j 063i 19.18 12.56 10.00 -0.91

c L .41 6 42.78 12.00 0.00
6.03 2.91 1.21 0,00 25.32 5.22
6.1-) J.^0 1.21 0.34 r
7.0) 4o03 2o95 0.47 0003 -11.46
8.0) 4.85 6.6c 1.51 6.C0 -11.10
90C 5,54 15. 37 12.94 8.26 -10.25
10.00 e 00 16*95 12.06 11.19 -0.24
12. -) Ao 6 51.34 16.3 2.98
.4.1o 7*72 0.t4 000 1 7. 3 2.98
16,jC 8.57 0,84 C,34 20.35 0.56
18.o00 9 o55 3.39 0.o65
21 .34 1,2 7.04 l.56

15-.3 1,?-* .95
180 9 1259

048 0.00
0.46 0.34
4.93 1 .4ts
7 •- 11.41
15.32 i.80
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PACIFIC COAST CRABBER

mast for
-. adjustIng

GM and K.

lowered bulwarks

rudder(ousdi tests)

normnl bulwarks focsle deck
with freeing norts

noon deck 7  _--

s keg-.- -

p oop deck main deck focqle ck

cover hatch cover h Wth cover

Figure A-5: Fhi Plxn and Profiles (no scale)
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PACIFIC COAST CRAB BOAT
BODY PLAN

SCALE -1:48

Figure A-6
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LABORATORY ARRANGEMENT

Motion restraint mechanism

The motion restraint mechanism allows for freedom in roll,

pitch, and heave while completely restraining yaw, sway, and

surge. Refer to figure B-1 during the following description.

Figures B-3, B-4, and B-5 show the model in the towing tank

ready for experimental runs. A stainless steel rod, designated

as "A" in figure B-l, is rigidly attached to the bow of the model

with its axis parallel to the keel and longitudinal centerline

and passing through the vertical center of gravity. About six

inches of the rod extends forward of the hull. Rod "B" is

attached at the stern in the same way. Two stainless steel

vertical rods "C" whose axis are parallel and in the same trans-

verse plane are rigidly attached to the carriage so that rod "A"

passes between rods "C" with a small clearance between rods "A"

and "C". Two rods "D" are arranged in the same way at the stern.

The longitudinal position of the model is maintained by a pair

of oval teflon cylinders ("E" and "F") attached to the horizontal

rod at the bow of the model, one forward and one aft of the

vertical guide rods "C".

The effect of the restraint mechanism on roll was investigated.

When the model was given a large initial roll angle in smooth

water with a forward speed, smooth and continuous rolling motion

was recorded as shown in the roll decay plots, figures 14 through

17. Also, the roll motion in waves was smooth and continuous

even though the contact of vertical rods "C" would alternate

between the forward teflon cylinder "E" and the after teflon

cylinder "F" as the model tended to surge and at the same time

contact of horizontal rods "A" and "B" would oscillate between

the port or starboard vertical rods "C" and "D" as the model

tended to yaw and sway. By keeping the clearances small, these

effects were controlled and felt to have a negligible effect

on roll.
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Model arrangement

Located on the model at the bow and stern are permanent

watertight wooden deck sections, designated as "G" in figure B-1.

Three removable plexiglass sections "H" used for the remainder

of the deck provide easy access to instrumentation inside the

model and insure watertightness. Figure B-6 is a detail of the

plexiglass hull connection. Note that bulwarks are not present

and the deck has no camber. The deck has a watertight penetration

near midships for electrical wires which provide gyroscope power

and transmit signals from the instruments inside the model

(figures B-1 and B-3). The air valve provides a means of checking

for leaks. This is accomplished by spreading soapy water around

the deck edges and pumping air into the model. Any leaks will

be detected by the presence of soap bubbles. The air pressure

inside the model is reduced to atmospheric before proceeding

with experimental runs.

Located inside the model are ballast, a vertical gyro which

measures pitch and roll angles, and an accelerometer for measuring

heave acceleration (figure B-1). Three wave gauges attached to

the carriage are aligned parallel to and 43 inches to port of

the model centerline so as to be out of the wave field generated

by the model. One wave gauge is abeam the forward perpendicular,

another is abeam the model longitudinal center of gravity, and

the last is abeam the after perpendicular. Roll, pitch, heave

and wave data were recorded on an eight channel strip chart
*. recorder and simultaneously on digital magnetic tape. Speeds

iY. were read from the tachometer located on the carriage. Wave

periods were read from a device on the wave maker. Table B-i

contains a list of the instrumentation.
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Figure B-2 Mariner M'od~el

Figure B-3 Towing Arrangemient
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Figure B-4 Forward Restraint

Figure B-5 After Restraint
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Table B-i

INSTRUMENTATION

Twelve bit analog to digital converter with digital tape recorder
(IBM type name): NALM-9/A

Hewlett Packard eight channel strip chart recorder, Sanborn
7700 series.

Systron Donner 1 g accelerometer

Vertical gyro roll: + 900

pitch: + 300

conductance type wave gauges

)
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APPENDIX C

Inclining Experiment Procedure

Table of Measured Metacentric Heights

Procedure for Measuring Moments of Inertia
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INCLINING EXPERIMENT PROCEDURE

An inclining experiment for measuring the metacentric height

(GM) was performed almost every day before proceeding with experi-

mental runs. Table C-1 gives these values. Since GM was small,

only 0.8% of the beam or .078 inch (model scale), the inclining
had to be carefully executed to obtain acceptable results.

Because the electrical wires which are attached to the deck

cause adverse heel when the model drifts during the inclining,

the inclining experiments were made with the model positioned

in the restraint mechanism. Also the wires were separated and

spread apart from each other near the model to minimize their

affect.

Inclining was performed in the usual manner. The model

was given several different known heeling moments while the

angle of heel was measured. The heeling moment was obtained by

placing a known weight at various known transverse locations.

Each time the weight was moved to a new location the model was

made to roll freely with an initial two or three degree ampli-

tude and this motion was recorded. The mean roll angle was taken

as the angle of heel for that particular weight location. This

method eliminates any error due to the courseness of the windings

in the roll potentiameter. GM was taken as the slope of the

graph of the inclining moment vs. angle of heel. Figure C-1

shows an example of such a graph for one of the inclining

experiments.

C-2



Mariner Model (1/96) Inclining Experiment

Sept. 5,1978

.7 V

(stbd.) 0

A = 52.29 lb. .6
6KG = .006 in. (correction I-

in VCG for inclining
weight and bracket) ,5

x

O rt
Lnl

.3

.2

.1 0

angle of heel (deg.)_I I -

-7 -6 -5 -4 -3 -2 -1 1 2 3 4 5 6 7
(port) (stbd.)

-.2 (.71+.76)(.0516)

AGM slope = (2)(6) (v/180)

-. 3 ... 337 ft.lb.

M (.337) (12) 077 in.

-.4 52.29

GM = GM' + 6KG

= .077 + .006

GM = .083 in.

(port)
-.7.

Figure C-I
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Table C-i

MARINER 77.7

MEASURED METACENTRIC HEIGHT (GM)

Date GM (model) GM (ship)

9/1/78 .079 in. .63 ft.

9/5/78 .083 in. .66 ft.

9/6/78 -- --

9/7/78 .085 in. .68 ft.

9/11/78 .084 in. .67 ft.

9/13/78 .A84 in. .67 ft.

9/15/78 .076 in. .67 ft.

AVERAGE .0818 in. .65 ft. + .04 ft.

..

,. ,°
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PROCEDURE FOR MEASURING MOMENTS OF INERTIA

Roll and pitch moments of inertia in air were determined by
suspending the model a certain distance above the center of
gravity as a bifilar pendulum and noting the period of swing.
Details and formulas can be found in Sharp tLQ.

I-
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APPENDIX D

Initial Conditions for Capsize Simulator
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User Manual for Program CAPSIZE
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USER MANUAL FOR PROGRAM CAPSIZE

Capsize is a FORTRAN program which simulates ship motions

and capsizing in astern seas by means of a time-domain numerical

integration of the equations of motion. The CAPSIZE program con-

sists of two subprograms, COEFFS and CAPSIZ. The motion simulation

is performed by the CAPSIZ subprogram. The COEFFS subprogram is

provided as an aide to the preparation of the input data record for

the CAPSI Z subprogram. The primary function of COEFFS is to compute

and output two-dimensional hydrodynamic added mass and damping

coefficients for the data deck that must be prepared for CAPSIZ
In addition to coefficient generation, COEFFS may be used to update

an existing CAPSIZE input file by inserting new displacement and

center of gravity values as well as the new coefficient tables.
The use of the COEFFS subprogram is optional. Any source of coef-

ficient data in the same format may be used for CAPSIZ . The two

subprograms may be executed in the same run, or they may be executed

in different runs on the computer. For example, the COEFFS routine
may be executed to create an input file for the CAPSIZ subprogram,

but the actual simulation may be deferred until the output listing

has been examined for possible errors in some of the parameters.
After the user has checked the output, the CAPSIZ simulation

routine may be executed.

In many cases it is possible to execute the COEFFS routine

once saving the CAPSIZE data file. Then several CAPSIZE execu-

tions may be made by simply changing the initial conditions, or
wave height, or any of the other parameters which do not change

the two-dimensional coefficients or location of the center of
gravity within the ship. The method of editing the CAPSIZE date

file is to be selected by the user. The method which will work

on most computers is to punch the data file onto cards. Parameters
may be changed by manually replacing the affected cards. Most
computer systems also provide a file editing system which may

be used.

INPUT

The inputs to both the CAPSIZ and COEFFS subprograms are

described below. The notation is similar to FORTRAN, but unit
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numbers and FORMAT statement numbers are not shown. The notation

shows statements that are equivalent to those in the program, but

they are not necessarily identical. In addition to the data items

specified below, the CAPSIZE simulator reads and lists the con-

tents of columns 73 through 90 of each line (columns 73 through

80 for cards). These columns may be used for comments or

sequencing, and any characters which may be represented by the

processor are acceptable. All integer values are read using the

15 FORMAT conversion. With the exception of the optional SHCP

compatible offset format all real values are read using the F10.2

conversion. All character data--titles and line sequencing--are

read using Al conversion. The directives calling for the execu-

tion of either the coefficient generation or the capsize execution

are read using A4 conversion.

The real values represent physical quantities, and the user
must provide the numerical values in a consistent system of

dimensional units. The length, time and either the mass or the

force units are arbitrary. The time unit is usually selected as

seconds. Linear velocities are measured in units of length per

unit of time. All angles and directions are measured in degrees

for input and output purposes. Angular velocities are measured

in degrees per unit of time. Circular frequency is used for the

waves and this is expressed in radians per unit of time.

A. Selection of subprograms to be executed

When execution of the program begins, one line of data is

read by the program. This line identifies the sub-program which

is to be executed first. The COEFFS subprogram may be specified

to prepare data for the capsize simulation or the CAPSIZ sub-

program may be specified to carry out the simulatir-. This line

is read from unit 5.

READ (...) JOB1

FORMAT (A4)

The only valid values for JOB1 are "COEF" or "CAPS". If "COEF"

is input, the COEFFS subprogram is executed. If "CAPS" is input,
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I
the CAPSIZE simulfuhr Is executed. If "CM ) is specified, input

items B and C below must appear in the input file. When COEFFS

writes a complere data file for CAPSIZE, the first line contains

"CAPSIZE".

B. Input and output control flags for COEFFS only.

One line of data is read by COEFFS to control the remainder

of its input and output operations. Thi3 line is read from unit 5.

PEAD (...) INPUT], INPUT2, INPUT3,

LIS21, LIST2, LIST3, LIST4, LIST5,

LIST6, LIST7, LDATA, LCOEFF,

IREWIN, LREWTN

FORMAT (1415)

If zerD is specified--or the field is blank--for any of these

items, the program will provide a default value for the item. If

a negative value is specified the corresponding input or output

operation is suppressed. If a positive value is specified, the

operation is specified and the value is the input or output unit

number to be used. Note that unit numbers are subject to proces-

sor restrictions. The list items are described below.

Item Description

INPUTI Unit number for the next four lines

of COEFFS control values. The default

is INPUT=5. This input may not be

* . suppressed.

TNPUT2 Unit number for the table of offsets.

The lefault is either the specified

or default value for INPUTi. This

input may not be suppressed.

S4 'V3 Unit number for a6itiona] data which

is used by CAPSIZE. The default is
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either the specified or default value

for INPUT2. If this input is suppressed,

LDATA is also suppressed by the program.

LISTI Unit number for comments and error mes-

sages written by COEFFS. The default

is LIST1=6. This outputc listing may not
be suppressed.

LIST2 Unit number for a listing of the table

of offsets. The default is LIST2=6.

LIST3 Unit number for a listing of hydro-

static values computed from the table

of offsets for the specified drafts

and center of gravity. The default

is LIST3=6.

LIST4 Unit number for a listing of two-

dimensional added mass, damping and

coupling coefficients. This output

listing is suppressed by default.

LIST5 This is not used.

LIST6 Unit nimber for a listinig of the zwo-

dimensional added mass, damping and

coupling coefficients that are computed
for use by the CAPSIZE simulator.

The default is LIST6=6.

'7 "&T7 Unit number for a listing of the data

produced by either of the LDATA or

LCOEFF options. This listing is sup-

pressed by default. If it is selected,

IREWIN is selected by the program.

E-6
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LDATA Unit numLer for a completc data deck

to be written for CAPSIZ . This output

is suppressed by the progrm if INPUT3
is suppressed by tne user. Thp default

is LDATA=I. If LDATA is specified,
LCOEFF is also specified.

LCOEFF Unit number for a data deck to be written

containing only the hydrodynamic coef-

ficients required by CAPSIZ . This unit

is specified only when LDATA is sup-

pressed. The default is LCOEFF=I.

IREWIN Specifies an initial rewind of the

LCOEFF or LDATA unit. If specified

by any positive value, the unit is
rewound after the data are written.

This allows both COEFFS and CAPSIZ

to be run in the same computer job.

This rewind is suppressed by default.

iREWIN Specifies a final rewind of the LCOEFF

or LDATA unit. If specified by any

positive value, the unit is rewound
after the data are written. This allows

both COEFFS and CAPSIZ to be run in

the same computer job. This rewind is
suppressed by default.

L CAPSIZ is executed in the same run, the data written by COEFFS
will be rewound before CAPSIZ is executed regardless of the LREWIN
paraineter. The records generated by the LIST1 through LIST7
o-tions a-e formatted for listing on devices having at least 132
',prjnt p,:),.tionL on each line. The first character of each line
i., intended to control the vertical spacing (cirriage control)
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of the printed lines using the standard FORTRAN convention. The

data written by the LDATA and LCOEFF options are formatted with up
to 80 characters on a line, and these lines are suitable for pun-

ching. The records generated by LDATA are in a form that may be
read directly by CAPSIZE.

C. Control values for COEFFS only.

Four more lines of data are ready by COEFFS to specify the

condition for which coefficients are to be computed. These lines

are read from the unit specified by INPUT1 (default is unit 5).

Cl. Optional scale factors and origin translation are read.

This transformation applies only to the table of offsets which is
described in section D, below. If this transformation is not

desired a blank line may be used.

READ (...) XSCALE, YSCALE, ZSCALE,

XORIG, YORIG
FORMAT (5F10.2)

Item Description

XSCALE If non-zero, all x-coordinate values

(longitudinal) of the original offsets

are multiplied by XSCALE.

YSCALE If non-zero, all y-coordinate values

(vertical) of the original offsets are

multiplied by YSCALE.

ZSCALE If non-zero, all Z-coordinate values
(transverse) of the original offsets

are multiplied by ZSCALE.

XORIG Specifies the new position of X=0.0.

Note that X is positive forward. The

r,-8
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X-coordinate of the :; origin is measured
before XSCALE is applied.

YORIG Specifies the new position of Y=0.0.

Note that Y is positive upwards. The
Y-coordinate of the new origin is

measured before YSCALE Is applied.

FLAG

C2. The drafts to the baseline (Y=0.0) at the forward and after

perpendiculars and the optional metacentric height, GM, are

specified.

RcAD(xxx) TF, TA, XFPERP,

XAPERP, GM, CGFLAG

FORMAT (6FI0.2)

Item Description

TF Draft to baseline at forward perpendi-

cular. The value is positive if the

baseline lies below the water surface

at the perpendicular.

TA Draft to baseline at after perpendicular

The value is positive if the baseline

lies below the water surface at the

perpendicular.

XFPEPSI Specifies the X-coordinate of the

forward perpendicular. Note that X

is measured positive forward of the

origin of the table of offsets. See

XAPERP.

XAPERP Specifies the X-coordinate (measured

E-9
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forward of the origin of offsets) of

the after perpendicular. If XFPERP

and XAPERP are not specified, the pro-
gram assumes that the perpendiculars

are located at the first and last

stations of the offset deck.

GM Specifies the metacentric height, GM,

for the ship. If GM is non-zero, the

Y-coordinate of the center of gravity

will be set to the value that results

in the specified GM. The X-coordinate

of the center of gravity will be set

to the position of the X-coordinate

of the center of buoyancy.

CGFLAG Is specified as a non-zero value if
GM-0.0 is required. If both CM and

CGFLAG are zero, the coordinates of

the center of gravity specified on the

INPUT3 data (if any) are used.

C3. A line containing the optional specification of water density,

gravitational constant, and some geometry parameters is read.

READ (...) RHO, G, YMAX, ZMAX,

WMAX, NWL

FORMAT (5FI0.2, 15)

Item Description

RHO Specific mass of the water. This

specification of the mass per unit

* volume must be in consistent units

with the rest of the data. If RHO

is not specified (here or on INPUT3)
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it is taken to b_, 0.000886... which
corresponds to sea water at 59 degrees

Fahrenheit, lengths in feet and displace-
ment (force) in long tons.

G Gravitational acceleration. Units

must be consistent with other data.
If not specified here, it is read from

INPUT3. If not specified, it is taken

to be 32.17 whici, corresponds to length

in feet and time in seconds.

YMAX Specify the maxiniur. desired vertical

ZMAX (YMAX) and horizontal (ZMAX) separation

between adjacent cffset points for
calculation of two-dimensional hydro-

dynamic coefficients. If both YMAX
and ZMAX are positive values, inter-

polted offset points (straight line)
will be added before computing coef-

ficients using the method developed

by W. Frank (1967).

WMAX A "deck" on the interior waterline has
been added to the geometry of each

station which is surface piercing to
avoid "irregular" frequencies. The

default is to use only one segment for

this, but a positive WMAX will allow

multiple segments each with a maximum

length of WMAX.

NWL Specifies the number of interior

waterline segments to be used to avoid

"irregular" frequencies. The default

is to use one segment, and this is

E-11

,-~ .* 9



selected if NWL is zero. A negative

value (not recommended) will suppress

the modification to Frank's procedure

which eliminates irregular frequencies.

C4. The encounter frequency for coefficient calculation and an

error flag value are read.

READ (...) SIGMAO, ERRO

FORMAT (2F10.2)

Item Description

SIGMAO If a positive value is specified, the

coefficients will be computed for

that frequency. If SIGMAO=-1.0, the

coefficients are computed for zero

encounter frequency. If SIGMA0=-2.0,
the coefficients are computed for

infinite encounter frequency. SIGMAO=

-1.0 and SIGMA0--2.0 are not recom-

mended. If SIGMAO is not specified,

averages of the coefficients for all

encounter frequencies resulting from

the SPEED and wave specifications on the

INPUT3 unit is used. The average is

weighted by wave amplitude. (If

INPUT3 is suppressed and SIGMAO is not

specified, zero frequency is assumed.)

ERRO Specifies the minimum absolute value
., ,that the determinants of the matrices

of influence coefficients may assume

when computing coefficients. Messages

are issued for smaller absolute valued

determinants. The default is ERRO 1.OE-50.

E-12



C5. A flag for CAPSIZ execution is input next. This flag is a

single line of data read from unit 6:

READ (...) JOB2

FORMAT t:A4)

If JOB2 contains "CAPS", the CAPSIZ simulator is executed after

COEFFS. If it is blank only the COEFFS routine is executed.

D. Table of offsets for COEFFS and CAPSIZ.

Several lines of data are used to define the hull form for

both the COEFFS and CAPSIZ sub-programs. The first line of the

table of offsets is the eighth line for COEFFS and the first for

CAPSIZ . CAPSIZ reads its data from unit 5 unless COEFFS is ex-

ecuted in the same run. If COEFFS and CAPSIZ are executed in

the same run, the input unit for CAPSIZ is specified by LDATA

in the COEFFS input. This defaults to unit 1.

COEFFS reeds the offsets from the unit specified by INPUT2

(the default is unit 5). Two types of offset formats are available

in the COEFFS subprogram. Section Dl, below, is common to both

types. The ship identification line, D2, determines whether type

one or type two offsets are to be processed by COEFFS. Only type

one offsets are processed by CAPSIZ , but the offset data written

by COEFFS is converted to type one format.

Dl. A title begins the offset deck. It consists of 72 columns

of text (columns 73 through 80 or 90 may also be used if sequencing

is not assigned to these columns).

READ(...) (TITLE(I), I=l, 72)

FORMAT (72A!)
9.

D2. The ship is identified by the next line.

READ (...) (SHIP(I), 1-1, 20), SHIPL,

SHIPB, SHIPT, MSTA

FORMAT (20AI, 3F10.2 15)

E-13
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If all 20 characters in the identification, SHIP, are blank,

type two format is used for the remainder of the offset data.
Please see section D5 through D7 for type two format.

The following, through D4, refer to the type one offset

format.

If MSTA, the number of stations, is not specified on the above
line it is read from an additional line.

If (MSTA .EQ. 0) READ(...)MSTA

FORMAT (15)

Item Description

SHIP Identification name or number of the

ship. Any 20 characters representable

by the processor may be used. This
must contain at least one nonblank

character.

SHIPL Characteristic length of the ship.

This is not used for calculations by

either program.

SHIPB Beam of the ship. This is not used for

calculations by either program.

SHIPT Draft of the ship. This is not used

for calculations by either program.

MSTA Number of stations. This is restricted

to:

1 < MSTA < 25.

D3. The offsets for each station follow in a loop that is re-

peated for the MSTA stations. The statins are numbered by the

control variable J from the bow to the stern.
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DO ,. PISTA

P"A! ) ;..NAS 9M, XOFF 'J0
i fORMt.T (215, F10. 2)

LPTS (T) -N
ROfiAD ( ,OF'iJ) , ZOF.F¢' ') =l, N'

FORMAL (210.2)

CONT INUE

Item Desciption

N Numbe .. of pe; nts definiing the

station. The stati(;n of the ship is

represeaited b, F pclygon and the off-

set pointf. a,_ thL: vertices. For each
st-ation, th-.. c.ff-2t points are numbered
by the cor:tL-oli viable I in a counter-
clockwi. e di'rectio-, when viewed from

the stern. This is restricted to 2

N < 25.

NASYM If NASYM > 0, an uasymmetrical station

is specified. The offset, points are

required for both iides o. the ship for

an unsyrmetrical section. The first

and last offsets for the ansynmnetrical

section 3ho&ild Le ;clncieent. For the
symmetrical sections, only the offsets
on the starboard sjie of the centerplane

are specified. NAS'CM > 0 is not allowed

for the COEPFS -ogzi.

' istance of ,&ttjon J aft o± the center
of the ship -oordinates. Note that all

other X-coorinates are positive fer-

ward of the origin.

.. -ric ht of n I f(: station J. This
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I

is measured positive upwards from the

baseline.

ZOFF(IJ) Half breadth of Z-coordinate of point
I for station J. This is measured

positive to starboard of the center-

plane.

D4. After all station data are read the profile of the ship is

defined.

READ (...) NFWD

FORMAT (15)

IF (NFWD.NE.O)READ(...)(YFWD(I), XFWD(I), I=l, NFWD)

FORMAT (2F10.2)

READ (...) NAFT

FORMAT (15)

IF (NAFT.NE.O)READ(...)(YAFT(I), XAFT(I), I=l, NAFT)

Item Description

NFWD Number of forward profile points.

This is restricted to 0 < NFWD < 25

These points are numbered by the con-

trol variable I in a counterclockwise

direction when viewed from the starboard

side.

YFWD(I) Height of point I of the forward pro-

file measured forward of the first

station.

XFWD (I) Distance of point I of the forward

profile measured forward of the first

station. If NWFD=l, XFWD(l) is defined

to be the forward most point of the
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submergeu hull,

NAFT Number of after profile points. This is

restricted to 0 < t¢1,' < 25. These

points are numbered by the control

variable I in a clockwise direction

when viewed from the starboard side.

YAFT(I) Height of point I or the after profile.

XAFT (I) Distance of poi,. I of the after pro-

file measure , aft of the last (MSTA)

station. If NAFT=.i, XAFT(l) is defined

to be the after most point of the sub-

merged hull.

The profile points are assumed to be the intersection of the

centerplane and the ship's hull. The pmofile is assumed to be a

polygon defined with vertices at the profile data points. The

profile data are used to find the end points for the integration

of various hydrostatic and hydrodynamic quantities along the

length of the ship.

05. 71oase go to section E if type one offsets (D2 through D4

have been used. Section D5 through D7 describe the type two

*zf-rset format. This is the same format that is used by the Ship

Hull Characteristics Program (SHCP) developed by the U.S. Navy

and documented in "Ship Hull Characteristics Program - SHCP,

Usel.s Manual"(7anruary 1976). This type of offset. format may not

.e s'ubmitted d rectly to the CAPSIZE subprogram. However, the

COEFF'PS routine will automatically convert this format to type one

format for CAPSIZ.

Type two offsets are processed bt COEFFS if the ship

",enrifiiation name, SHIP, is blank in the section 02 data. This

cxrzes onls to a blank "work list" for SHCP (SHCP card type B).

"ite d.c:,critionA below begins with the same input as was Cescribed
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in D2, above.

READ (...)(SHIP(I), 1=1,20), SHIPL

SHIPB, SHIPT, MSTA

FORMAT (20A1, 3F10.2, 15)

Item Description

SHIP All 20 characters must be blank.

This cooresponds to a blank card type

"B" for SHCP.

SHIPL Ignored.

SHIPB Ignored.

SHIPT Ignored.

MSTA Ignored.

If all 20 characters in SHIP are blank, the following type

two offsets are read, and the SHIP identification for output is

taken from columns 5 through 36 of the title line (Dl).

D6. SHCP card type "C".

The SHCP work list, D5 (or ship identification line) is

followed by SHCP card type "C".

READ (...) SPACE, ZSCAL, YSCAL, SHIPL,

NAPN, KINDO

FORMAT (4F10.3, 13X, 12, 15)

Item Description

SPACE The station spacing is input as SPACE.

This is actually a multiplier of the

X-values that are input. If SPACE is

read as zero, it is redefined by the

program as one.
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ZSci.L rhe verti-i e- : 'r'-ii L s are

multiplied by 0.0 / as they are

read into the prormqn. Yf ZSCA1 is

input as zero it is ,_hanyed t': 0.005

by the program.

YSCAL The horizontal cffset coordinates are

multiplied by 0.005/Y1SOAL as they are

read. If YSCAL is read as zero, it is

changed to the. ZS2AL val-ae by the program.

SHIPL Characteristic }e~'tl of the ship. This

is not used by either COEFFS or CAPSIZ.

NAPN The number of appenctges must be zero.

KINDO 1he kind of SHCP offsets must be either

zero or two.

Plea.z. note that the scale factors and origin translation specified

by the Cl input items XSCALE, YSCALE, ZSCALE, XORIG, YORIG are

applid after the SPACE, ZSCAL and YSCAL multipliers are applied.

A1CP -ard type "D".

Th. of:set ceCdLnates are specified on a series of SHCP card
type D i jts-

'~~WD (... STATN, YI, ZI, JTEST

FORMAT (Fb.3, 2F7.0, 16)

IF (JTEST is not 99999) repeat the READ

1. -& m Description

. 321'TN The real distance from the station to

the origin is the product of STATN and

SPACE. The STATN valves must be the

same for L] offsets on the same

E- 1
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station. STATN values should be in a

non-decreasing order.

Yl The half breadth of the offset point is

the product of Yl and YSCAL. The offsets

for each station should be ordered from

the bottom toward the uppermost parts

of the station.

Zl The height of the offset point is the

product of Zl and ZSCAL.

JTEST The "breakpoint" indicator 77777 is

ignored. The last offset on each
station is signified by JTEST = 88888.

The last offset on the last station is

signified by JTEST = 99999. JTEST

values other than zero (or blank) 77777,

88888 or 99999 are illegal.

The offsets for each station must be grouped together. The

maximum number of offsets on a station is 25. The maximum number

of STATIONS is 25. Each section is assumed to be a polygon with

straight line segments between the offset points. After all

offsets are read, the scale factors and origin translation (Section

Cl) are applied, and the signs of the station coordinates are

reversed to form X-coordinate values.

E. Table of wind profile offsets for COEFFS (ignored by CAPSIZ).

Several lines of data are used to define the profile of the

ship which is used to compute the forces and moments on the ship

resulting from beam winds. The first line of data in this section

indicates the number of wind profile data points. This group of

data follows the last after profile offset line for the first type

of offset data, or it follows the last offset line (SHCP card type
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D with end sentinel eall to 99q99) fcz the Lecorid type of offset

data. These data lines are used by COEFF. and the.- are skipped

by CAPSIZE. This input is read by COEFFS from the input unit

specified by INPUT3.

READ (...) NPROF

FORMAT (15)

IF (NPROF.GT.0)

READ(...) (YPROF(I), XPROF(I), Il, NPROF)

FORMAT (2F10.2)

Item Description

NPROF Number of profile points for wind force.
If NPROF is negative, the wind forces

and moment coefficients are not changed

by the program. Tf NPROF is zero, or

if it is positive, the heeling moment

coefficient is computed and the coef-

ficients of sway force and yaw moment

are set to zero. If it is zero, the

profile is defined by the highest

point on each station. (The forward

and after profile data for type one

offsets are uscd only to define the

intersection of the waterline and the

ends of the polygon). If NPROF is one,

the profile calculated as a rectangle

above the baseline with height, YPROF(l),
and length from the forward end of the

waterline to the after line. If NPROF

is greater than one the projected area

for wind forces is taken as a polygon

consisting of the waterline and segments

joining these profile coordinates, taken

in order from the forward end to the

after end of the waterline. The maximum

F-?1
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value for NPROF is 25.

YPROF(I) Height of point I above the baseline.

XPROF(I) Distance of profile point aft of the

center of ship coordinates. Note that

this is measured in the same direction

as the station spacing, XOFF(J), but

that it has the opposite sign of other

X-coordinate values.

F. Additional data required by the CAPSIZE simulator (optional

for COEFFS).

The table of offsets is followed by additional data for the

CAPSIZE simulator. It is optional input for COEFFS where it is

specified by INPUT3. If COEFFS is not executed it is read from

unit 5 by CAPSIZ.

Fl. The water density and gravitational constant are read.

READ (...) RHO, G

FORMAT (2F10.2)

Item Description

RHO Specific mass of the water. This

specification of the mass per unit

volume must be in units which are

consistent with the rest of the data.

The value is required by CAPSIZ , but

it is optional for COEFFS.

G Gravitational acceleration. Units must

be consistent with other data. The

value is required by CAPSIZ , but it is

optional for COEFFS.

If the values for RHO and G are not specified here when
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COEFFS is executed, values are inserted by COEFFS as described in

section C3.

P2. The coordinates of the center of gravity are next.

READ (...) XCG, YCG, ZCG

FORMAT (3F10.2)

Item Description

XCG Longitudinal position of the center

of gravity. This is measured positive

forward of the origin of coordinates.

This value is required by CAPSIZ , but

it is optional for COEFFS. COEFFS will

set this value for CAPSIZ based on the

"C2" input.

YCG Vertical center of gravity. This is

measured positive upwards from the

baseline or origin of coordinates. This

value is required by CAPSIZ , but is

optional for COEFFS. COEFFS will set

this value for CAPSIZ based on the

"C2" input.

ZCG Distance of center of gravity to star-

board of centerplane. This value must

be zero for COEFFS.

F3. The displacement of the ship and added mass factors for surge,

heave and sway follow the center of gravity data.

READ (...) DISPL, AMX, AMY, AMZ

FORMAT (4F10.2)

Item Description

DISPL Displacement of the ship (weight units).

This value is required by CAPSIZ , and

E-23



it may be computed by COEFFS.

ANX Added mass factor for surge. This is

the surge added mass, divided by the

actual mass of the ship.

AMY Added madd factor for heave. This is

the heave added mass, divided by the

actual mass of the ship. This should

normally be zero since the CAPSIZE

simulator computes the heave added mass

from the two-dimensional coefficients.

AMZ Sway added mass factor. This is similar

to AMY.

F4. The radii of gyration (in air) follow the displacement and

optional added mass data.

READ (111) (RADII(I),I=i,6)

FORMAT (6F10.2)

Item Description

RADII(l) Radius of gyration for roll, pxx"

RADII(2) Radius of gyration for yaw, pyy.

RADII(3) Radius of gyration for pitch, pzz"

RADII(4) Radius of gyration, p xy The products

of inertia are computed as,

'xy 'yx = Pxy.IPxy .m

where m is the mass of the ship.

RADII(5) Radius of gyration, Pxz"

RADII(6) Radius of gyration, Pyz"
;yz

E-24

: : ...." .-:""t , .,' i .: " ' ... - " -- '.. .. " .. ... ... .-- ---:



FS. The desired or average ship speed and an optional table of

resistance data follow the radii of gyration data.

READ (...) SPEED, NSPEED

FORMAT (F10.2, 15)

IF (NSPEED.NE.0)READ(...) (RSPEED(I),

RESIST(I) , I=1, NSPEED)

FORMAT (2FI0.2)

Item Description

SPEED Intended speed of the ship. Units are

length per unit of time.

NSPEED Number of data points defining the

resistance curve. The resistance curve

is assumed to be linear between data

points. The resistance table is

limited to 0 < NSPEED < 20.

RSPEED(I) Speed for resistance data point I.

RESIST(I) Resistance value for data point I.

F6 The rudder and steering system data comprise three lines

following the speed and optional resistance table. All

angles are measured in degrees.

READ (...) RX,RY(l),RY (2),RAREA

FORMAT (4F10.2)

READ (...) RSTOP,fRLIFT,RDRAG,RWAKE

FORMAT (4F10.2)
READ C...) RGAIN(l),RG.IN(2),RGAIN(3),

RDEAD(i),RDEAD(2) ,RRATE

FORMAT (6F10.2)

Item Description

RX Longitudinal coordinate of center of

rudder force.
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RY(1) Height of the bottom of the rudder.

RY(2) Height of the top of the rudder.

RAREA Area of rudder.

RSTOP Angle of rudder stops in degrees.

RLIFT Derivative of rudder lift coefficient.

The lift force, L , is given by

L = RLIFT*FACTOR*ANGLE
and
FACTOR= O.5*RHO*AREA*U**2.

where

ANGLE is the angle of attack of the

rudder in degrees and U is the average
water speed over the rudder.

RDRAG Derivative of the rudder drag coefficient.

The drag force, D , is given by

D-RDRAG*FACTOR*ANGLE.

WAKE Velocity relative to rudder of ships

wake in way of the rudder. This is

positive when the rudder is in the
propeller race, otherwise negative.

RGAIN(1) Autopilot yaw rate gain. Positive for

a stable steering system.

RGAIN(2) Autopilot yaw angle (proportional) gain.

Positive for a stable steering system.

RGAIN(3) Autopilot yaw integral gain.

RDEAD(l) Autopilot dead band. If the absolute

yaw error is less than RDEAD(l), no

rudder angle is ordered.
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RDEAD(2) Autopilot dead band. This angle is
subtracted from the rudder angle com-

puted from the yaw rate, angle, and

integral and the corresponding gain

factors.

RRATE Mechanical rudder rate in degrees per

unit time.

F7. The table of two-dimensional added mass and damping coefficients

follows the rudder and autopilot data. The following READ
statement is repeated until I is read as zero.

READ (...) JI,Cl,C2,C3,C4

FORMAT (215, 4P10.2)
IF (I.EQ.0) exit coefficient loop

IF (I.EQ.I) process added mass

IF (I.EQ.2) process damping coefficients

repeat READ operation.

Item Description

J Station index number.

I Flag value:

I=0 - - end of coefficients

1=1 -- added mass coefficients

1-2 - - damping coefficients.

Cl Coefficient (added mass or damping) for

heave at station J.

C2 Coefficient for sway at station J.

C3 Coefficient for roll at station J.

C4 Coefficient for coupling between roll

and sway at station J.
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The two-dimensional coefficients may be in any order, and

the coefficient input is terminated by a zero value for I.

Any coefficients not entered are set to zero by the program.

Each coefficient is the dimensional added mass or damping

coefficient per unit length of the ship, and each coefficient

is divided by the area of the station for which it is calculated.

FS. Three dimensional linear and quadratic damping constants

follow the table of two-dimensional coefficients. This

damping is in addition to that given by the two-dimensional

coefficients.

READ (...)(DAMPL(I),I=I,6)

FORMAT (6F10.2)

READ (...)(DAMPQ(I),I=I,6)

FORMAT (6FI0.2)

I tem Description

DAMPL(1) Linear surge damping.

DAMPL(2) Linear heave damping.

DAMPL(3) Linear sway damping.

DAMPL(4) Linear roll damping.

DAMPL(5) Linear yaw damping.

DAMPL(6) Linear pitch damping.

DAMPQ(1) Quadratic surge damping.

DAMPQ (2) Quadratic heave damping.

DAMPQ(3) Quadratic sway damping.

DAMPQ (4) Quadratic roll damping.

DAMPQ(5) Quadratic yaw damping.
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DAMPQ(6) Quadratic pitch damping.

F9. The wave (COSINE) description follows the damping data.

READ (...) NWAVES

FORMAT (15)
IF (NWAVES.NE.0) READ(...)(WVAMP(K),

WVFRE (K) ,WVDIR (K) ,WVPHA (K),

K=I,NWAVES)

FORMAT (4F10.2)

Item Description

NWAVES Number of sinusoidal waves. This is

restricted to 0 < NWAVES < 20.

WVAMP (K) Amplitude of wave component K.

WVFRE (K) Circular frequency of wave component K.

WVDIR(K) Direction of wave K in degrees. Zero

degrees is following.

WVPHA(K) Phase angle in degrees at time equal
zero of wave component K.

F10. The wind speed, direction, density, and coefficients of sway

force, roll moment and yaw moment are read from one line.
These items are ignored by COEFFS input. They are written

It" by COEFFS for input to CAPSIZ.

READ (...) WSPEED, WDIR, WRHO, WSWAY,

WROLL, WYAW
* .. FORMAT (6F10.2)

Item Description

WSPEED The wind speed measured in length units

per unit of time. The wind force and
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moment coefficients are multiplied by

the square of WSPEED.

WDIR The direction from which the wind is

blowing. This is measured clockwise in

degrees from the positive x-direction.

Zero degrees is a head wind. Ninety

is wind from the starboard beam.

WCOEFF Effective wind drag coefficient for

beam wind. See description on next page.

WSWAY Coefficient of wind induced sway force.

WROLL Coefficient of wind induced roll moments.

WYAW Coefficient of wind induced yaw moments.

The wind sway force, roll and yaw moments are computed as:

ZF = sin(4 + WDIR)*WSWAY*WCOEFF*WSPEED**2

XM = sin(4 + WDIR)*WROLL*WCOEFF*WSPEED**2

YM = sin(4 + WDIR)*WYAW*WCOEFF*WSPEED**2

where:

* is the yaw angle.

COEFFS computes the roll moment coefficient as the vertical moment

of an area projected to the wind. Typical values of WCOEFF are

given in the table below.,

WCOEFF LENGTH UNIT FORCE UNIT WIND SPEED UNIT

0.0035 feet pounds knots

0.00123 feet pounds feet/second

1.56E-6 feet tons knots

5.48E-7 feet tons feet/second
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Fll. The initial condition of the simulation follows the wave

data.

READ (..) (POSIT(I),I=1,6)

FORMAT (6F10.2)

READ (...) (VELOC(I),I=l,6)

FORMAT (6F10.2)

Item Description

POSIT(l) Initial X-coordinate of mass center.

POSIT(2) Initial Y-coordinate of mass center.

POSIT(3) Initial Z-coordinate of mass center.

POSIT(4) Initial roll angle in degrees.

POSIT(5) Initial yaw angle in degrees.

POSIT(6) Initial pitch angle in degrees.

VELOC (1) Initial speed.

VELOC(2) Initial heave velocity.

VELOC(3) Initial sway velocity.

VELOC (4) Initial roll rate.

VELOC(5) Initial yaw rate.

VELOC(6) Initial pitch rate.

The position values are specified with respect to the wave

coordinate system fixed on the earth. The velocities are

with respect to the ship coordinate system.

F12. The initial condition is folled by the specifications for

integration timing.
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READ ... ) TOTSTARTTSTOP,

TOUTPT,TSTEP,ERR

FORMAT (6F10.2)

Item Description

TO Initial time for the integration. This
is the time of the initial conditions.

TSTART Time at which the actual simulation is
to start. All forces are multiplied
by a ramp function that increases

linearly in time from a value of zero

at TO to one at TSTART. This ramp is
used to avoid transients caused by
arbitrary initial conditions.

TSTOP Time at which the simulation is to end

if there is no capsize. A roll angle
exceeding two radians in absolute
magnitude is considered a capsize and
halts the simulation.

TOUTPT Interval at which the ship position and

velocity are to be output.

TSTEP Integration time step.

ERR This value is not used.

A
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CAPSIZE PROGRAM DESCRIPTION

CAPSIZE main program.

The main program is divided into a number of program units,

both subroutines and function subprograms. The program is divided

into two main parts. One part is provided as an aide to the

preparation of the data necessary to simulate ship motions. This

part is called the COEFFS subprogram. The other part of the pro-

gram actually simulates the ship motions. This is called the

CAPSIZ subprogram. These two subprograms may be executed in

separate computer runs or they may be executed in the same run.

For the convenience of the user, these two subprograms are combined

into a single Fortran program.

Block diagrams showing the principal segments and logical flow

of the program are given in Figures El, E2 and E3. Figure El con-

tains the first parts of the program, CAPSIZE. Figure E2 contains

the hydrodynamic coefficient computation COEFS, and Figure E3

contains the simulator program CAPSIZ.

The Program code, itself, has been extensively documented

internally with comments which serve two principal functions.

(1) They define the most important variables which appear

in either input/output lists or in COMMON blocks.

(2) The function performed by a subroutine or a segment

of a subroutine is described.

In the following sections are given brief descriptions of

individual subroutines, and these descriptions, when read in

conjunction with the block diagrams Figs E2 and E3, a program

listing, and the theory presented in the first part of this

report, should enable a person who is reasonably proficient in

FORTRAN to follow the program logic.

The main program serves to read a line of input, and then to

call either the COEFFS subprogram or the CAPSIZ subprogram. As

an option, both subprograms may be executed in the same run. At

the beginning of the execution, the program reads a line of data.

If the first four characters of the input are "CAPS", only the

CAPSIZ subroutine is called to execute the CAPSIZ subproqram.
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If these letters are "COEF", the COEFFS subroutine and subprogram

is called. Any other characters stop the program.

When COEFFS is executed, a variable, JOB2 in COMMON/JOB/ is

returned to the main program. If this variable contains the

characters "CAPS", the CAPSIZ subprogram is executed after the

COEFFS routine has finished. The contents of JOB2 depend on the

user's input to the COEFFS subprogram. The user must include the

"CAPS" directive in the input, but the COEFFS routine may cancel

this if it detects any errors.

Subroutine COEFFS.

The COEFFS subroutine is the main routine in the COEFFS sub-

program. Its purpose is to call the various subroutines used to

prepare input for the CAPSIZ simulation subprogram. The subroutines

are called in the order listed below.

CONTRL is called to input several lines of data which control

the execution of the various options available in the subprogram.
In addition to setting variables which control the COEFFS routines,

the JOB2 variable in COMMON/JOB/ is set by CONTRL to indicate

to the main program whether or not the CAPSIZ simulation subprogram

is to be executed in this run.

OFFSETS is called to input the table of offsets which defines

the shape of the ship. The dimensions of the ship may be scaled

and the origin of ship coordinates may be relocated. This routine

also inputs the wind profile data.

INPUT is called to read the remainder of the data and to skip

the old two-dimensional added mass and damping coefficients.

DRAFT sets the ship at the specified draft and trim. An

internal table of offsets for the hull below the waterline is

generated. The displacement and location of the ship's mass center

may be determined by this routine. An optional listing of the

tables of offsets is available.

WINDF computes coefficients of wind heeling moments.
X HSTRIP computes the two-dimensional added mass, damping and

*' hydrodynamic motion coupling coefficients for the ship.
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OUTPUT writes a file which may be all or part of the input

data for the CAPSIZ simulation subprogram. This routine also

generates an optional listing of this file.

In addition to calling these subroutines, the COMMON blocks
which contain data which must be communicated between these

routines is referenced by this subroutine. This is required

by standard Fortran to allow execution on an overlayed or segmented

system.

Subroutine CONTRL.

The CONTRL subroutine is called by COEFFS to read six lines

of data which control the optional calculations and output listings
of the COEFFS subprogram. A flag controlling the optional execution

of the CAPSIZ subprogram is also set.

The first line read by CONTRL is from the logical unit specified
by INPUT1 in the /IOFILE/ common block. This is initialized as

unit 5 by the BLOCK DATA subprogram. This line defines fourteen

variables in the /IOFILE/ common block. The first twelve variables

control optional input and output from the subprogram, and the
last two control the positioning of the output data file at the

beginning and end of the execution of the program. To allow for

values to be defined by the program as well as changed by the user,

the following logic is defined. If an input value is zero (or blank),

the default valuedefined by the programis set in the corresponding

/IOFILE/ variable set to zero. If an input value is positive, the

value is set in the /IOFILE/ variable. A negative value of the

variable causes the corresponding input or output to be suppressed

by the remainder of the program. A positive value is assumed to

be the logical unit number for input or output.

Subroutine HSTRIP.

This subroutine utilizes the Frank Close Fit procedure,
* Ref [4], and much of the code has been adopted directly, with sone

modifications, from the NSRDC two-dimensional program. HSTRIP
calls a series of auxiliary subroutines which initialize data

arrays or perform specialized parts of the computation, as follows.
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* 0TTsN rcvIses Lhe s+.ct.i cn offets s j -. ertnr-1 additional

points in order to optimize the hydrodyr, am . computations

and to suppress anomolous behavior wnich sometimes occurs

at certain ".3ingular frequenci.es". INSLRT is called by

STATN as part of this process,

* rIR!, computes certain frequancy-indepenlent coefficients which

are used in the two-dimensional hydredynamric computations.

* BEER computes the two-dimensional hy],-o:iyvAmic coefficients

for the special cases of zero or ixifin e freauency. It

calls the simultaneous linear equ-.cn solver LINEQT.

* WYNE performs the computation of the tvc-dimensional hydro-

dynamic coefficients for finite non-cro frequencies. It

calLs se'-eral subroutines for special operations. WOMEN

computes some of the interaction between segments of the

section. SONG performs the integration of pressures around

i. the section. ROMEO evaluates the exponential integral with

complex argnuent. JULIET is a simultaneous linear equation

solver fcr certain sets of equations in HSTPIP.

Subroutine CAPSIZ.

The CAPSrZ subroutine is the main routine in the simulation

subprograr.. This program unit calls the three major subroutines

required to execute the time domain motion simulation. These

subroutines are called in the order listed below.

READ is called to input all of the data required for the

simuiation. The input file may be created by the COEFFS sub-

pr_,ram :.n the same execution of the CAPSIZE program. It is also

possibi : o cse a 'reviously generated file written in the same

fojnat . If READ discovers any errors such as too many data points,

it will stop the execution of the program. It calls THRUST

to initisliz- the surge force.

} is called to convert input values to i ,ternal values

and 1.. tioeLizo various variables ane arr-ays ror the motion

Vsiu];r. , v£,ca1 of the conversions are the iangilar measurements
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which are input in degrees, but which must be converted to radians

for calculation purposes.

RUN is called to execute the simulation by means of the time

domain integration of the equations of motion. Execution is

terminated if a capsize occurs. If the simulated time reaches

a user specified stopping point, control returns to the CAPSIZE

vain program where execution is terminated.

In addition to calling these subroutines, this program unit

references all common blocks which contain information which must

be communicated between READ, PREP and RUN. This allows the

Fortran program to be executed on a computer system which uses

segmentation or overlaying of subroutines in memory.

Subroutine READ.

The READ subroutine performs all input for the CAPSIZ
subprogram. This input is described in appendix E-1.

After the main program reads the "CAPSIZE" command line,

the CAPSIZ subprogram is entered at subroutine CAPSIZ. CAPSIZ

then calls READ to input all data lines beginning with the title

line. As each line or card is read, it is listed on the output

file with the line count and a short description of the assumed

contents of the line.

As the input proceeds, errors such as the specification of

too few or too many data points are checked, and appropriate

messages listed. After all input is complete, the control

returns to the calling routine if no errors are detected. If any

input errors are detected, the program will stop.

The input lines are read in the following order:

Title line

Table of offsets and profile data

Water density and gravitation of acceleration

Center of gravity coordinates

Displacement

Radii of gyration

Ship speed and optional resistance data

Rudder geometry and autopilot parameters

Sectional added mass and damping coefficients
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Linear and ouadratic damping conotants

Wave components

Wind force

Initial conditions

Numerical integration parameters.

Input format conversion used Fl0.2 for all real values and

T5 for all integers. Only the first seventy columns or less are

used for numexicai inputs. Columns 73 through 90 of each line
are listed for comments or sequence information.

Subroutine PREP.

The PREP subroutine is called to prepare data for the capsize

simulation. It is called to convert external values input by
READ to internal values required by the RUN subroutine. The

various conversions are collected into this routine in order not

to complicate the READ subroutine and in order to avoid repeated

conversion durincg the simulation.

The major conversions are described here:

1. The center of offset coordinates is moved to coincide

with the center of gravity, and the x-coordinates of

stations are established by reversing the signs of the

input values.

2. The forward and after profile data are consolidated into

a single array.

3. Rudder coordinates are referred to the center of gravity,

and rudder angles and rates are converted from degrees
to radians. The algebraic signs of the autopilot gain

parameters are reversed.

4. If a table of speed versus resistance data are used, the

slopes of the segments are computed for use when inter-

polations are required during the simulation. The

resi..stance force of the ship at the intended speed is
a 4ded algebraically to the resistance values so that

thorf will be no additional thrust or resistance on the

ship when it is at the intended speed. The program
will. stop if the resistance values are not in increasing
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order of speed.

5. Moments and products of inertia are computed from the

specified radii of gyration.

6. Wave numbers of the component waves are computed. The

maximum wave elevation is computed as the sum of the

absolute values of wave component amplitudes.

7. Wind direction and initial condition directions are

converted from degrees to radians.

8. The initial velocity condition is converted from ship

coordinate directions to fixed coordinate directions.

Subroutine RUN.

The RUN subroutine is called to execute the motion simulation.

The time domain simulation is accomplished by a numerical integra-

tion of the equations of motion. The equations of motion are a

system of twelve first order ordinary differential equations. If

the autopilot model requires a rudder control which is proportional

to the integral of the course error (yaw angle), the number of

equations is increased to thirteen to include yaw angle integration.

The simulation is carried out by executing a loop consisting

of:

a. Call SAMPLE to output the position and velocity.

b. Call TEST to stop execution if a capsize has occurred.

c. Increment the dependent variable limit to the next output

time.

d. Call RK4 to numerically integrate the 12 or 13 differential

equations. The integration runs through one or more time
stops until output time value is reached. Then control

returns to RUN.

e. If the TIME variable is less than TSTOP, the user

specified limit, this loop repeats from "a" above.

f. If TIME has reached or exceeded TSTOP, SAMPLE is called

to output the final position, and FINAL is called to

output statistics concerning the behavior of the numerical

integration. The control is returned to the calling

routine.
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Subroutine FINAL.

The FINAL subir.ou:t.ne is the last routine called in the motion
simulation. This is called to output the statistics concerned

with the oehavier o' the n'umerical integratijn of the equations

of motion. It voas originally intended to study the automatic
step size contro used by som'e numerical integration routines.

FINAL is called by TEST if a capsize is detected, or it is called

by RUN if no capsize is detected at the end of the simulation time.

Subroutine TEST.

The TEST subroutine is called periodically by RUN to test for

a capsize. The test is very simple in the present version of the
program. If the absolute value of the rull angle is less than 2.0

radians, TEST returns control to the callinct routine. If the
absolute roll angle is grcater than or equal to this value, the

message "C-P.SIZL' is .,itput and the program is stopped after a

call tn FINAL. FINAL prints the statistics concerning the numerical

inLegration. A more detailed capsize test may be substituted if

necessary, but the present test seems to work well for most vessels.

Subroutine RK4.

The RK4 subroutine is called to numerically integrate the

equations of motion. A fourth order Runge-Kutta method is used.

The derivative of the dependent variable vector are evaluated four

times for each time step. The RHS subroutine is called to compute
the derivative values by evaluating the right hand sides of the

equation of motion. The RK4 routine is called to integrate over

each tnie interval between output operations.

Tt'e formal parameters of the RK4 subroutine are listed below.

TIJ; is t independent variable. It is set to the initial

value before the subroutine is called. The value is increased by
RX4 ' h, integration proceeds.

v is th -(pendent variable array. This subroutine will handle

up t 13 equations ox elements of Y. Before RK4 is called, the
variab1es i Y r1ust be set to their initial values. As the inte-

qration pL:oceods, the Y values are updated by RK4.
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TNEXT is the limit of integration for the present call to

RK4. When the independent variable, TIME, reaches this value,

execution returns to the calling routine. This allows the output

procedures to be executed. The integration may be continued by

increasing TNEXT and calling RK4 again.

NEQS is the number of equations. The maximum is 13. The

CAPSIZE program uses either 12 or 13 for NEQS. Thirteen equations

are used when the autopilot model includes yaw error integral

control.

STEP is the time step. The independent variable, TIME, is

incremented by STEP for each integration.

The parameters, ERR and RR4S are not used by RK4.

Three arrays are used internally by RK4. YY is a temporary

dependent variable array. YA and YB are used for the derivatives

of the dependent variables.

Subroutine RHS.

The RHS subroutine is called by the numerical integration

routine each time the right hand side of the equations of motion

(15, 16, 17 and 18) are required. This subroutine is called with

the value of the independent variable, time, and with values in

the dependent variable vector supplied by the calling routine.

The derivatives with respect to time of the dependent variables

are returned as a vector. This subroutine is called with three

parameters, TT, YY, and YYDOT. Time is set by the calling

routine in TT. The estimated values of the dependent variables

are set by the calling routine in the various elements of the YY

vector. Before RHS executes its RETURN statement, the time deriv-

atives of YY are set in the corresponding elements of the YYDOT

vector.

[ Upon entry to the RHS routine certain statistics concerning

the program's execution are recorded in the /STATS/ common block.

Then the actual computations to evaluate YYDOT begin. The forces

acting on the ship at time TT with dependent variables prescribed

in YY are evaluated with a call to the FORCE2 subroutine. Then

the derivatives of the dependent variables are evaluated as the

right hand sides of the equations:
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d

d -f
d t [ ~ W x I-]dt

The system of linear equations represented by the last two equations

above are evaluated by the LrECF routine using Gaussj.an elimination.

Subroutine FORCE2.

The FORCE2 routine is called to evaluate the forces and

moments acting on the ship at a specific time with the position

and velocity specified by the calling routine. The routine is

called with two parameters, TT and YY. Time is specified by TT

and the position and velocity vectors are specified by the YY vector.

The computed forces and some other data are returned as values in

labeled common blocks.

This subroutine first calls the ROTATE subroutine to set values

in the matrices used to transform rotational coordinates and to

resolve the specified velocity into ship coordinates. Next the

six components of the FORCE vector are initialized to zeroes.

Calls to other subroutines then add force components to this

vector. The forces are evaluated in the ship coordinate system.

The forces involving any unbalance between the instantaneous

buoyancy and the ships weight and other force terms requiring

- in',egrals over the submerged portion of the hull are computed by

VI the FROZTDE subroutine. The propulsion system is modeled by the

THRUST surroutine. The autopilot and steering system are modeled

b-' the 'STEER subroutine.

Si pie force components are computed within the FORCE2 pro-

g.- m uinit. Theta include the wind generated sway force, roll

.at!., jlaw luments. The ramp-function multiplier used for simulations

* be~,innin': with some possibly incorrect initial conditiors is applied

co the fo-ces by this subroutine.
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Subroutine ROTATE.

The ROTATE routine is called to resolve the linear velocity

into the ship coordinate system. It is called with one parameter,

YY. This is a vector. The directional orientation of the ship

coordinates is specified by YY(4), YY(5) and YY(6) which are

the Eulerian angles 0, and i . The linear velocity components

are YY(7), YY(8) and YY(9) in the x, j and z directions of the

fixed coordinate system.

The values in the labeled common blocks, /CI, /CT/, /TRIG/

and /V/ are set by this subroutine. The linear velocity in the

ship coordinate directions is set in the /V/ common block as the

variables VX, VY, and VZ. Matrices used for rotational transfor-

mations are assigned to the /C/ and /CT/ blocks. Sines and cosines

of the Eulerian angles are stored in the /TRIG/ block.

Subroutine FROUDE.

A. Computes force components involving integrals over the sub-

merged volume of the ship.

1. Froude-Krylov forces and moments.

2. Forces and moments resulting from relative (2-D) velocity.

3. Forces and moments resulting from acceleration components

of wave motion.

4. Added mass and inertia matrix (since ship acceleration

is unknown until all forces are computed).

5. Forces and moments resulting from rotating coordinates.

6. Forces and moments resulting from relative (3-D) v2 .

B. Procedure:

1. Initialize variables and arrays.

a. Zero integration accumulators
b. Project wave numbers into calculation coordinate

system. (Yawed and Pitch but not rolled). Compute

x-coordinates of reference wave crests.

2. Generate table of "wet" offset points and summed wave

elevations above each point. Find intersections with

water surface. Find ends of wet portion of hull (uses

profile data if available).
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3. Resolve ship velocity vector into yawed and pitched

coordinates.

4. If ship is out of water go to 6.

5. Loop over all stations between first and last.

a. Call KRYLOV to compute sine and cosine components of

two-dimensional integrals over each wet station.

b. Integrate over length between stations assuming 2-D

functions are linear between stations or product

of linear function and sinusoid between stations.
6. Finalize results of integrations

a. Combine force components

(1) Wave depth pressure attenuation

(2) Buoyancy minus weight

(3) Coordinate acceleration

b. Set up A matrix of mass, added mass.

c. Resolve forces and moments into ship coordinate

system (yawed and pitched and rolled).

7. RETURN

Subroutine KRYLOV.

The KRYLOV routine is called by FROUDE to compute two-

dimensional integrals over each submerged station of the ship.

The integrations assume that the station is represented by a

polygon with vertices located at the submerged offset points and

any intersections with the wave surface.

The subroutine is called with the formal parameters, J,

which is the index of the station for which the integrals are

being performed. Loops for wave components use K for the control

variable. The offset point is indicated with I as the subscript

and control variable for the loop over the offset points.

The input arrays in block common are described in the

description of the FROUDE subroutine.

The following integrals are evaluated by the KRYLOV routine

for the station represented by J.
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AREA = ffdydz

zMOM = fj z dy dz

YMOM = ff y dy dz

ZCO(k) = ff cos(Kyy + Kzz)eki&22Y dy dz

ZSOk) = ff sin(K yy + K zz)ekic22Y dy dz

ZCY(k) = ff y cos(Kyy + Kzz)ekic22Y dy dz

ZSY(k) = ff y sin(Kyy + Kzz)ekiC22Y dy dz

ZCY(k) = J1 z cos(Kyy + K zz)eki 2 2Y dy dz

ZSZ(k) = ff z sin(Kyy + K zz)ekiC22Y dy dz.

For convenience, the following integrals are evaluated for

each wave component and offset point. The integrals are from the

offset point to the wave surface intersection above the point in

the plane of the station.

YCO = I cos(K yy) ekiC 2 2Y dy

YSO = f sin(K yy)ekiC 22Y dy

YCY = f y cos(Kyy)ekiC22Y dy

YSY = f y sin(K yy)eki22Y dy.

The two dimensional integrals are evaluated in the following

form within the KRYLOV routine.

ZCO(k) = f YCO • cos(Kzz) dz - fYSO * sin(K z) dz

ZSO(k) = f YSO • cos(K z) dz + fYCO • sin(K z) dz

ZSY(k) = f YCY • cos(K z) dz - fYSY • sin(K z) dz

, YCZ(k) = f YSY - cos(Kz) dz + fYCY * sin(Kz) dz

z zZSZ(k) = f YSO • zcos(Kz z) dz + fYC0 • zsin(Kz z) dz.

Function ETAF.

The coordinate of the water surface in the yawed and pitched

coordinates is returned by this function. The j coordinate of

the surface is i. For the superposition of N wave components the

following holds
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n
a +12 2 + 'YG = iil Ai cosl...]

where

= [xG + jjik+ -21 fi + 6 31 i)kicos6

(zG + a13R + 623 + a33i)kisin6i

I + i - ait]"

Let

a = 21 ki cos i - 62 3 ki sin 6i

b = (xG + a ii + c31i)ki Cos 6i

- ZG + 61 3X + &33 i)ki sin S.

+ it

then
=a + b

and

C22 n = 12x YG + EAi(cosa cosb

-sina sinb).

The terms comprising a have a magnitude which is like the

product of thepitch angle, *, and the wave slope, fik i. For sur-

face vessels of interest these terms may be assumed to be small:

l6 2 1 ki cos6ij = I-cososinphkicos6i << 1

Ia2 3fiki sin6ij = sin~sin*Akisin6ij << 1

This allows the small argument approximations for sine and cosine:

sin(e) = e and cos(C) & 1

for c << 1 -- to be substituted in the expression for wave

elevation: This yields
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ii
t: 22 = -12S - YG

+ E A i{- (a21hk i cos6 i

- a 23ki sin6i ) sinb

+ cosb)

which can be solved for the wave height. The formula for wave

height,

S-c12X - YG + ZA.cosb

622 Ai(62 1kicos6i - a23kisin6i)sin k

is evaluated by the function subprogram.

Within the program unit, the variable A is used for the

numerator, and the variable B is used for the denominator as the

above expression is evaluated. The value returned by the function

is fi . The formal parameter, ZT, is the horizontal coordinate, z

of the offset point. The value of this parameter and the values

in the /ETA/ and /CT/ common blocks must be set before the function

is referenced. Also arrays CZK and CYK in blank common must be

assigned values before the function is used.

Subroutine STEER.

The STEER routine is called to compute the forces and moments

resulting from the rudder of the ship. If the area of the rudder

is zero, the subroutine simply executes a RETURN statement without

any calculations. If the simulation includes a steering system,

this routine computes the rudder angle that would be ordered by

an autopilot, the actual rudder angle that the steering machinery

:7 would achieve and the forces and moments generated by the rudder.

The autopilot model includes proportionality factors (also

called gain parameters) for yaw rate, yaw angle(or course error)

* and integral of yaw angle. The maximum rudder angle (or rudder

stop angles) are included. Two types of deadband parameters (or

weather adjustments) are provided in the model.
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The rudder machinery is simulated as being able to rotate the

rudder at a specified maximum rate or slower if that is required

by the autopilot. The rudder is simulated as a vertical line seg-

ment in the ship's coordinate system. A single rudder on the ship's

centerline is assumed. The area of the rudder, is assumed to be

uniformly distributed along this line segment. The simulation

includes the possibility of only part of the rudder being sub-

merged. Lift and drag forces on the rudder are computed using

constant lift and drag coefficients and instantaneous relative flow

velocity averaged over the submerged part of the rudder line. The

flow velocity includes wave motion, ship motion, and a wake velo-

city which is a constant in the ship coordinate system. The drag

force is proportional to the absolute angle of attack and the

square of the average velocity. A lift stall angle of one half

radian is built into the subroutine. If the magnitude of the angle

of attack is greater than the stall angle it is reduced to the

stall angle. Lift is proportional to this limited angle of attack

and the square of the average velocity.
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CAPSIZEReads name of job to

be performed 'JOB1'

JOB1 = 'CAPS'

Hydrodynamic Coef.
Tables already
exist. Go directly
to capsize simu- yCOES Compute tables of
lation hydrodynamic coef-

ficients (see fol-
lowing page)

Figure E-1 Block diagram showing principal
segments of program CAPSIZE.
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inputs control flag
CON describing, e.g., form

of table of offsets which
intermediate results are

OUTPUT to be O/P, some general
odata, such as p.g. draftsoutpt ofof ship.

f hydrodynamic o hp

coefficients
and other input of table of offsets
data- in either UCB-NA or
(optional) SHCP format.

input general ship data,
such as CG coords, gy-
radius, speed, wind and
wave data.

AApplies input drafts to
table of offsets to pro-
duce offsets in form for
hydrodynamic computations.
Also evaluates certain
hydrostatic properties
of hull.

computes sail area and
immersed profile parameters
for wind moment deter-
mination.

HSTRIP Computation of hydrodynamic
coefficients by the Frank
Close Fit procedure.

k,

d. 5
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HSTRIP

Revise station offsets to
STATN optimize segment length and

suppress singular frequencies.

INSERT Insert revised offset points.

G Frequency-independent terms for
hydrodynamic computations

BEER Two-dimensional sectional hydrodynamic
coefficients for zero or inifinite
frequency.

LINEQT Simultaneous equation solver.

WINE Two-dimensional coefficients for
Integration of finite nonzero frequencies.
pressure around SONG WOMEN Interaction of segments of the
periphery two-dimensional section
of section

Evaluation of R Specialized equation solver.
exponential
integral

- Figure E-2 Block diagram of principal segments of
subroutine systems COEFS
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CAPsI'Z

READ Input to CAPSIZ and echo of input
data.

Set up initial values of certain
arrays and convert computational
quantities to dimensionless or
other internal form.

THRUST Initial value of net surge force.

RUN Increment timestep and call equation integrator.

Test for SMPLE Print out ship position and velocities

capsize at TEST at designated time interval

each time RK4 Runge-Kutta fourth order equation
step. integrator.

Print summary RHS Evaluation of Right Hand Side of
of execution State Equations.
statistics &
final values

Solve equations ofE Compute forces on ship.

for derivatives of
velocities. ROTATE Rotate coordinate axes and resolve

velocities to ship system.
Rudder force, STEER
including auto- FROUDE Compute Froude-Krylov and

hydrodynamic forces.

u Two-dimensional Froude-KrylovNet surge force. |HUT ocs
forces.

Coordinate of a point on wave
rw  surface

ETABA R Height of wave surface above a point
on the ship.

Figure E-3 Block diagram showing principal segments
of subroutine system CAPSIZ
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